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iAbstract
This work summarises the results of seven studies in the area of zircon research. The studies span a broad rangeof phenomena, namely (i) the Raman spectroscopic properties of zircon under high pressure, (ii) the causes oflow electron microprobe analytical totals and back­scattered electron (BSE) yields in zircon, (iii) radionuclidemobility scenarios in altered zircon, (iv) the factors influencing the thermal decomposition of zircon, (v) Feincorporation in zircon, and finally the effects of (vi) He­ion irradiation and (vii) of electron beam microanalysison existing self­irradiation damage in zircon. The discussion of the research and its results is preceded by asummarising introduction to zircon and a brief description of the various analytical techniques applied.The high­pressure study (Appendix 1) helps to understand vibrational spectra of radiation­damaged zirconunder pressure. It was found that the band width of the zircon ν3(SiO4) asymmetric stretching vibration, whichindicates the degree of radiation damage, is largely unaffected by compression. This result established that Ramananalysis of (potentially strain­affected) zircon inclusions in gemstones is able to determine whether a heattreatment has been applied to the host gem or not.Low electron microprobe totals are measured in zircon zones where electron back­scattering is notablylowered, seen as dark, mostly irregular patches on BSE images. The study reprinted in Appendix 2 establishesthe chemical and textural reasons behind these phenomena. The low­total areas were found to contain hydrousspecies in the wt% concentration, and to consist of a highly porous zircon material with nanometre­sized pores.Together with strongly increased non­formula element (Fe, Ca, Al etc.) concentrations, these results imply thatthe low­total and low­BSE areas were produced by a secondary alteration process in strongly radiation­damagedzones. Both the deficient analytical totals and the lowered BSE yield are explained by a combination of adecreased average atomic number, the hydrous content and the porosity.In a case study of zircon alteration (Appendix 3) it was found that the radionuclide mobility was particularlylow and did not exceed the loss of the major elements. This finding has important implications on the assessmentof zircon U–Pb geochronology and the design of radioactive waste forms: the loss of actinides will not alwaysbe as high as that predicted by some hydrothermal leaching experiments.Zircon is known, and exploited, for decomposing into oxide components during heat treatment at temperaturessignificantly lower than predicted by its phase diagram. Factors influencing zircon stability at 1400 °C wereevaluated by a series of experiments. Results suggest that to avoid a breakdown at high temperatures the decreaseof the activity of silica vapour in the reaction vessel should be avoided by a careful choice of sample containersand by the control of reactive gases in the reaction atmosphere.Iron is a trace element in primary zircon but in altered samples it may be measured in the wt% range. A study(Appendix 5) was dedicated to the question whether Fe at high concentrations is incorporated into secondaryzircon. Synthetic, Fe­doped zircon single crystals were shown to contain the majority of measured Fe as hematite.Some Fe was found in interstitial sites in the zircon lattice, whereas the substitution of lattice ions was minimal.Iron enrichment in secondary zircon, therefore, was concluded to be present as other phases.The irradiation studies, outlined at the end of the introductory chapter, had contrasting results. Heliumirradiation was found to increase radiation damage in zircon, seen through the creation of luminescence centresand Raman band broadening. The annealing of pre­existing damage was not observed. In contrast, moderate­energy electron irradiation (20 kV) was found to partially anneal radiation damage in pre­damaged zircon.Structural studies (such as micro­spectroscopy) should therefore always been done prior to the electronmicroprobe analysis of the same micro­areas, to avoid biased results.This PhD project, and in particular the seven studies above, has led to new, significant results that add to ourknowledge on natural zircon and its synthetic analogue. These results are documented in four published papersand one submitted manuscript, one more paper is currently in preparation. Results will prove particularly usefulin the interpretation of spectroscopic and chemical analyses of zircon and in avoiding analytical artefacts andbiased results. Perspective future research and experimental work and applications are also discussed.
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Zusammenfassung
Die vorliegende Arbeit fasst die Ergebnisse von sieben Studien am Mineral Zirkon zusammen. Die Unter­suchungen umfassen eine breite Palette von Phänomenen, wie (i) Veränderungen der Ramanspektren von Zirkonunter hohem Druck, (ii) Ursachen der an alterierten Zirkonen gelegentlich beobachteten defizienten Analysen­summen und extrem niedrigen Elektronenrückstreuintensitäten, (iii) Mobilität/Stabilität von Radionukliden beichemischen Alterationsprozessen, (iv) Ursachen der bei Ausheilungsexperimenten gelegentlich beobachtetenthermische Dekomposition von Zirkon, (v) kristallchemische Effekte des Einbaus von Fe in Zirkon, undschließlich die Effekte von (vi) He­Ionen­Bestrahlung und (vii) Elektronenbestrahlung (letztere z.B. während derElektronenstrahl­Mikrosonden­Analyse) auf die durch natürliche Selbstbestrahlung verursachten Strukturschädenin Zirkon. Der Diskussion der Forschungsergebnisse sind eine zusammenfassende Einführung zum Mineral Zirkonund eine kurze Beschreibung der verwendeten analytischen Methoden vorangestellt.Die Ergebnisse der Druckexperimente (Anhang 1) tragen zum Verständnis der druckinduzierten Veränder­ungen der Ramanspektren strahlengeschädigter Zirkone bei. Es wurde festgestellt, dass die Breite der ν3(SiO4)­Schwingungsbande vom Druck weitgehend unbeeinflusst ist und der Strahlenschädigungsgrad der Probe mehroder weniger unabhängig von Druck oder Stress widerspiegelt. Eine beobachtete signifikante Schwingungs­bandenverbreiterung ist damit ein zuverlässiger Indikator für Strahlenschädigung. Dieses Ergebnis ermöglichtes, Raman­Analysen zur Evaluierung von Zirkoneinschlüssen in metamorphogenen Edelsteinen zu nutzen, ins­besondere um mögliche Temperaturbehandlungen zu prüfen.Defiziente Analysensummen bei der Elektronenmikronsondenanalyse werden in solchen Bereichen des Zirkonsgemessen, in welchen die Elektronenrückstreuung deutlich erniedrigt ist; diese sind in den Elektronenrückstreu­bildern als dunkle, meist unregelmäßige Stellen erkennbar. Die Studie in Anhang 2 beschäftigt sich mit denchemischen und texturellen Ursachen dieses Phänomens. Es wurde festgestellt, dass die durch zu niedrige Summengekennzeichneten Bereiche Wasser im Gewichtsprozentbereich enthalten und aus einem hochporösen Zirkon­material mit Poren im Nanometerbereich bestehen. Zusammen mit einer stark angestiegenen Konzentration anFremdelementen (Fe, Ca, Al etc.) implizieren diese Beobachtungen, dass diese Zirkonbereiche durch chemischeAlteration stark strahlengeschädigter Bereiche entstanden. Sowohl die zu niedrigen analytischen Summen alsauch die stark verringerte Rückstreuelektronenintensität werden durch eine Kombination von erniedrigter mittlererOrdnungszahl, dem Wassergehalt und der Porosität erklärt.In einer Fallstudie zur chemischen Alteration von Zirkon (Anhang 3) wurde eine besonders niedrige Mobilitätder Radionuklide festgestellt, die nicht den Verlust an Hauptelementen überstieg. Diese Beobachtung hatbedeutende Auswirkungen auf die Interpretation von U­Pb Isotopenanalysen (Geochronologie) und die Ent­wicklung von Material für die Lagerung von radioaktivem Abfall: der Verlust von Radionukliden bei chemischenAlterationsprozessen ist längst nicht immer so erheblich wie durch einige experimentelle Studien vorhergesagt.Es ist bekannt, dass Zirkon bei Heizexperimenten in seine Oxidkomponenten zerfallen kann, und dass diesbereits bei relativ moderaten Temperaturen erfolgt, welche jene im Phasendiagramm deutlich unterschreiten. DieStabilität von Zirkon bei 1400 °C wurde in einer Serie von Experimenten untersucht. Die Ergebnisse deutendarauf hin, dass die Zerfallsreaktion stark von der SiO2–Dampfaktivität im Reaktionsbehälter abhängt. Letzteresollte daher durch eine sorgfältige Auswahl der Probenbehälter und die Kontrolle der reaktiven Gase in derReaktionsatmosphäre kontrolliert hochgehalten werden, um unbeabsichtigte Probendekomposition zu verhindern.Eisen tritt in primärem Zirkon nur in Spurenelementkonzentrationen auf, in alterierten Proben kann es jedochim Gewichtsprozentbereich vorliegen. Eine Studie (Anhang 5) widmete sich der Frage, ob hohe Eisen­konzentrationen in sekundären Zirkon eingebaut werden können. Es wurde gezeigt, dass synthetische, Fe­dotierteZirkon­Einkristalle einen großen Teil des vorhandenen Eisens als Hämatit einbauen. Signifikante Eisenmengen(bis in den Zehntelprozentbereich) wurden jedoch auch auf Zwischengitterplätzen im Zirkongitter gefunden,wohingegen die Substitution von Zirkon­Gitterionen minimal ist. Es wurde daher gefolgert, dass Eisen­anreicherung in sekundärem Zirkon in Form anderer Phasen erfolgt.
iv
Die Bestrahlungsstudien, welche am Ende des Einführungskapitels kurz dargestellt sind, zeigten gegensätzlicheErgebnisse. Bestrahlung mit He resultierte in allen Fällen in einer Zunahme der Strahlenschädigung des Zirkon,erkennbar durch die Bildung von Emissionszentren und der Verbreiterung der Ramanbanden. Ein Ausheilen vonbestehender Schädigung wurde nicht beobachtet. Elektronenbestrahlung mit moderaten Energien (20 kV) resultiertdagegen in einem partiellen Ausheilen von Strahlenschäden in vorgeschädigtem Zirkon. Strukturelle Unter­suchungen (wie z.B. Mikro­Spektroskopie) sollten daher grundsätzlich vor der Elektronenstrahlmikrosonden­analyse durchgeführt werden, um verfälschte Ergebnisse zu vermeiden.Dieses Doktoratsprojekt und insbesondere die sieben oben beschriebenen Studien führten zu neuen, wichtigenErgebnissen, die zu unserem Kenntnisstand über natürlichen Zirkon und seine synthetischen Analoga beitragen.Diese Ergebnisse wurden in vier publizierten Arbeiten und einem eingereichten Manuskript dokumentiert, eineweitere Veröffentlichung ist derzeit in Vorbereitung. Die Ergebnisse werden sich besonders bei der Interpretationspektroskopischer und chemischer Analysen von Zirkon sowie zur Vermeidung analytischer Artefakte als nützlicherweisen. Mögliche zukünftige Forschungsrichtungen und Anwendungen werden diskutiert.
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11. Introduction
Zircon, the most common zirconium­bearing mineral on the Earth, is the “leitmotif” in thetopics covered by the PhD project presented here. In spite of being an accessory mineral,zircon can be found in the most varied settings: in meteorites and lunar rocks, in ultrabasicto acidic igneous rocks, in weakly metamorphic rocks to ultrahigh­pressure ones, but also insedimentary rocks, sediments and soils.Zircon, however, is not simply one of the many accessory minerals. Natural actinides arereadily built in the zircon structure upon growth from melts and during metamorphism. Theactinides then gradually undergo radioactive decay and eventually convert to lead isotopes.Although the energy released during decay introduces structural damage, zircon seems tosurvive but the harshest conditions, while being able to preserve chemical (e.g. U/Th and Pbcontent) and structural properties (even the accumulated self­irradiation damage). Zircon istherefore one of the most important materials used for U–Pb geochronology, able to recordthe memory of effectively the entire history of the Earth. It serves also a model material forstudying long­term, low­intensity displacive irradiation, a condition not achievable inlaboratory work. The insights learnt from radiation damage in zircon are essential in modern,high­tech applications such as the design of waste forms for the long­term geological ofhigh­activity radioactive waste, for instance plutonium from dismantled nuclear warheadsand commercial nuclear power plants.Zircon is also a raw material of ever­increasing significance. It is found in industrialquantities mostly in heavy mineral sands of coastal placer deposits. Zircon sand is used as theraw material for a large number of specialty applications. Zircon is not wetted by molten metalsand glass, therefore moulds lined with zircon and zircon refractory bricks are often used infoundry and the glass industry. Zircon has been applied as armour plating on military aircraftand in the heat shield of spacecrafts as well. The ceramic industry uses either purified/syntheticzircon as an opacifier additive in glazes to increase their brilliance, or, doped with differentelements, as popular pigments (e.g. Fe: pink, V: blue, Pr: yellow). Zircon doped with rare­earth elements is also used as a luminescent phosphor. The chemical stability of zircon makesit suitable for environmental barrier coatings in the chemical industry and in desalinationplants. Radiation­amorphised zircon has also been described as an optical waveguide material,making use of its high refractive index. Sintering zircon with alumina produces a mullite–zirconia composite ceramic material, with excellent chemical and mechanical properties. Toend this list, zircon as the main source of the metal zirconium must also be mentioned.As seen from this extensive, though still incomplete, set of applications, zircon or itssynthetic analogue is an important and interesting material. Accordingly, the scientific andtechnological interest in zircon is truly remarkable. As of late November 2009, a search inScience Citation Index Expanded™ with the keyword zircon, limited to the last 20 years,returns 10 282 hits. In contrast, a similar search for quartz gives only about 4.5 times asmany, 47 628 hits, in spite of being one of the most common terrestrial minerals. Note thatover 8500 of the above search hits on zircon and about 19 000 on quartz are relevant toplanetary, earth and environmental sciences. This extreme “popularity” of zircon has ledto the coining of the term zirconology, which is a pseudo­discipline dealing with every aspectof the material zirconium silicate.
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The research topics outlined in this dissertation focus on several features of the mineralzircon and its synthetic analogues. The studies were motivated primarily by geologicalaspects, but certain examples and results bear relevance to technical applications as well.The first chapter of the dissertation includes an Introduction to zircon research. Zircon as amaterial, radiation damage and Raman spectroscopy will be key issues in the discussions,therefore a concise review of these three topics will be given below in sections 1.1 to 1.3.The introduction is followed by an enumeration of analytical methods used in the experi­mental work (section 2), complemented by examples of what the tools may be used for.Section 3 briefly reports the results, conclusions and implications of seven studies. Five ofthese have been documented in four published papers and one submitted manuscript. Theydeal with the spectroscopic and/or textural properties of zircon under high pressure andhigh temperature (section 3.1); the peculiar properties of altered zircon (section 3.2); andthe incorporation of iron, a non­formula element, in zircon (section 3.3). The last twostudies, presented and discussed in more detail in section 3.4, discuss the effects of alphaparticle irradiation and moderate­energy electron beam analysis on damage in zircon.These two topics were published as conference contributions; the alpha­particle irradiationstudy is being prepared for publication in a journal. Finally, the five complete journalcontributions are reprinted in Appendices 1 to 5, in chronological order of their appearance.Two of these completed studies (Appendices 4 and 5) and the electron­irradiationexperiment (section 3.4.2), were lead (i.e., planned, coordinated and conducted) by theauthor of this dissertation. In the three other completed works (Appendices 1 to 3) and theHe­irradiation study (section 3.4.1), the author was involved to a major degree as contributor,in charge of vibrational (Raman and infrared absorption) spectroscopy and scanning electronmicroscopy and involved in data reduction and interpretation.
1.1. Mineralogical properties of zirconZircon is an accessory orthosilicate mineral. Its nominal chemical formula is ZrSiO4 (Z = 4),space group I41/amd. The zircon structure (for a review see Finch & Hanchar, 2003) can bedescribed as chains of alternating, edge­shared SiO4 and ZrO8 polyhedra running parallel tothe c axis; these chains are con­nected by the screw axis (Fig. 1).The structure is relatively open; ithas “channels” of nominally emptysixfold sites, running parallel to the[001] direction, which can host anumber of non­formula elements(Robinson et al., 1971). The ZrO8triangular dodecahedra are con­nected through edges in a zigzagpattern along the 100 directions.This arrangement is responsible forthe most common prismatic habitof zircon and the indistinct cleav­age along {110}.Natural zircon always containsnon­formula elements. As a generalrule of thumb, large cations (U, Th,Y, lanthanides, Hf) substitute Zr inthe eightfold dodecahedral site,whereas smaller cations may behosted in the sixfold position.
Fig. 1. The idealisedstructure of zircon in apolyhedral representation,showing two unit cells.Green: SiO4 tetrahedra;blue: ZrO8 dodecahedra.
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Silicon may be replaced by four H+ ions (“hydrozircon” substitution; e.g. Frondel, 1953;Mumpton & Roy, 1961) or P (e.g. Hanchar et al., 2001). Among the elements compatiblewith the Zr site, most notable is Hf, which is present in virtually all natural zircon samples;hafnon (HfSiO4) is the only mineral with which zircon forms a complete solid solution(Finch & Hanchar, 2003). Rare­earth elements (REEs) and Y are also not uncommon inzircon; REEs give rise to luminescence phenomena (e.g., cathodo­ and photoluminescence).Radioactive actinides (U and Th) are also often incorporated into natural zircon, introducingself­irradiation damage through time as they undergo radioactive decay (see section 1.2).A very important property of crystalline zircon is that it very strongly discriminates againstPb2+ upon crystal growth, therefore is it exceptionally well suited for U/Th–Pb dating,especially considering the exceptionally low volume diffusivity of Pb in zircon (see e.g.Cherniak &Watson, 2001).Both natural igneous and synthetic zircon frequently shows sector and/or oscillatorygrowth zoning. Sector zoning is caused by different non­formula element concentrations indifferent growth sectors, while oscillatory zoning in zircon is a result of the succession ofgrowth layers with alternating high and low impurity levels. Zoning is therefore primarilychemical in origin; however, it is often apparent on cross­polarised optical microscopic,back­scattered electron (BSE) and cathodoluminescence (CL) images. It has been shown thatthe main factor controlling birefringence and BSE (and partly CL) intensity in single crystalsof zircon is not trace element content directly but rather the level of radiation damage(Chakoumakos et al., 1987; Nasdala et al., 2002; Nasdala et al., 2006a).There is a sharp physical, chemical and microtextural distinction between primary zirconcrystallised from melts, solutions or during metamorphic events, and secondary zircon grownas a result of fluid­driven replacement reactions (e.g. Pointer et al., 1988; Smith et al., 1991;Corfu et al., 2003; Nasdala et al., 2009c; see also Geisler et al., 2001b). Primary zircongrows as a dense solid; incorporated non­formula elements mostly include those replacingZr. However, the decay of radioactive actinides introduces (through atomic displacements)disorder and amorphisation in the structure, reducing resistance against dissolution (e.g.Lumpkin, 2001; Tromans, 2006) so much that strongly damaged zircon is attacked even bypure water (e.g., Geisler et al., 2003a). Zircon alteration is characterised by the growth ofporous, secondary zircon, which often contains many mineral inclusions (e.g. Pérez­Sobaet al., 2007). In analogy with primary zircon, secondary zircon always grows crystalline,subsequent self­irradiation may destroy its structure (Nasdala et al., 2009c). Compatibleelements may be enriched or depleted depending on the fluid driving the alteration (e.g.Nasdala et al., 2009b). Most notable is, however, that the U/Th–Pb isotope systems may bedisturbed by depleting (“leaching”), but also by enriching, actinide and/or Pb concentrations.In age determination results these effects show up as normal or reverse discordance, or mayentirely prevent data interpretation. Note that structural damage strongly enhances thesusceptibility of zircon to Pb loss, but metamictisation in itself will not generate discordance.At high temperatures (above the closure temperature of the U/Th–Pb system, i.e. 800–900°C) Pb is lost by diffusion. Even for this, percolating amorphous regions (Salje et al., 1999)are needed since Pb diffusion is only practically feasible along crystalline–amorphous grainboundaries (Cherniak & Watson, 2003). Another possibility for isotopic disturbance is fluid­driven alteration, during which extensive element mobilisation takes place (often referred toas “dissolution–reprecipitation”; Putnis, 2002).Lead is not the only element whose concentration may change appreciably during analteration event. Elements such as Ca, Al, Fe, P etc., which are normally highly incompatiblewith and practically missing from primary zircon, may occasionally be measured up to wt%concentrations; their presence may be taken as an indicator for secondary altered zircon. (Fora detailed discussion of the properties of altered zircon, the reader is referred to Nasdalaet al., 2009c, in Appendix 2, whereas Váczi et al., submitted, in Appendix 5 focuses on thecase of Fe incorporation in zircon.)
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1.2. Radiation damageWhen discussing natural zircon one cannot neglect the phenomenon of radiation damage.Radiation damage is the partial to total destruction of a crystalline structure by high­energyradiation. One may speak about external irradiation, where the source of the energeticparticles is not the damaged solid itself. Natural examples are radiohaloes, which are spheresof damage caused by alpha particles (e.g. Nasdala et al., 2005; Nasdala et al., 2006b; Kricklet al., 2008), while artificial irradiation may be done using different sources. To citeexamples from zircon research, irradiation studies using heavy ions (e.g.Weber et al., 1994;Meldrum et al., 1998; Wang & Ewing, 1992; Lian et al., 2003), light ions (Nasdala et al.,2009a), electrons (e.g.Meldrum et al., 1997; Jiang & Spence, 2009) or dual ion and/orelectron beams (e.g.Wang & Ewing, 1992; Lian et al., 2009) are known. The damage causedby natural alpha­particle irradiation can be approximated with artificial irradiation with lightions, alpha recoil (see below) creates damage similar to heavy ions, while beta (β–) decay(not treated in detail here) is a kind of high­energy electron radiation.In contrast to external radiation sources, self­irradiation has a distributed source withinthe material in the form of radioactive atoms (ions) chemically bound in the structure;self­irradiation is therefore not directional. Self­irradiation damage may be caused byalpha and beta decay and spontaneous fission events. Beta decay is rather ineffective increating permanent damage (atomic displacements). A single fission event creates consid­erable damage but is significantly less probable compared to alpha decay (decay constants8.51 ∙ 10–17/year vs. 1.55 ∙ 10–10/year, respectively, for 238U; this translates to one fissionper ca. 1.8 million alpha decay chains). Furthermore, a single actinide ion in naturalzircon undergoes six (232Th), seven (235U) or eight (238U) alpha decays until a stableisotope is formed (206Pb, 207Pb and 208Pb, respectively). For these reasons most of theradiation damage in zircon (or other actinide­containing solids) is caused by alpha decay.During an alpha decay event an unstable, heavy nucleus spontaneously transforms intoanother nucleus (“daughter” isotope, with atomic number, Z, two less than the “parent”) andemits a 4He nucleus, i.e. an alpha particle. Due to the conservation of momentum, the alphaparticle acquires an enormous kinetic energy (4.0–8.8 MeV) and is able to travel a few tensof micrometres through zircon: the stopping range of 8.8 MeV alpha particles is up toca. 32 µm in non­porous, crystalline zircon (e.g. Nasdala et al., 2009a). Throughout most ofits path there is very little interaction with nuclei in the structure; most of the energy is lostthrough non­displacive interactions such as ionisation losses and electronic or vibrationalexcitations. An alpha particle is able to create up to a few hundred vacancy–interstitial pairs(so­called Frenkel defects) by collision with atoms in zircon, most of which is concentratedat the end of the trajectories (e.g.Weber et al., 1998).The heavy alpha recoil nucleus of the daughter element has a lower kinetic energy(70–160 keV) but a large mass, and a significant part of its energy is dissipated throughcollisions with structure atoms. The stopping range of such heavy nuclei is a few times10 nm, but in this short distance a ballistic collision cascade is formed with a few thousanddisplaced atoms (may exceed 6000 defects at 300 K; Devanathan et al., 2006). Most of thedamage due to a chain of alpha events is thus created in a small volume. As a consequence,even very fine­scale compositional zoning in zircon is commonly preserved even whenhigher­U zones have become metamict (Chakoumakos et al., 1987; Nasdala et al., 2009b),allowing in­situ microbeam analyses of elemental and isotopic compositions of growthzones. The progressing stages of damage accumulation may be described as (i) isolatedamorphous damage clusters scattered in a crystalline matrix with a few defects;(ii) amorphous clusters overlap (percolate) due to their increasing number, while the defectdensity and strain in crystalline volume increases; (iii) defect­laden crystalline “islands” areno longer interconnected in an amorphous matrix; (iv) finally the entire material becomesamorphous (Murakami et al., 1991; Salje et al., 1999). In the crystalline remnants of stages(ii) and (iii), isolated Frenkel defects accumulate with progressing metamictisation, and
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strain develops due to both the point defects and the heterogeneous swelling of the bulkmaterial (see below).Radiation damage that happens on the microscale introduces changes in the bulk physicaland chemical properties of zircon as well (see Ewing et al., 2003, for a review). The mostimportant effects include, for example, an expansion of the unit cell and bulk swelling (andhence density decrease; Holland & Gottfried, 1955). Damage also decreases birefringence(Fig. 2; see e.g. Holland & Gottfried, 1955; Nasdala et al., 2009b). An interestingobservation of Pirkle (1992) is that in heavy mineral placer deposits radiation­damagedzircon tends to be subordinate because metamictisation makes it more brittle and, thus, lessresistant to mechanical weathering (Chakoumakos et al., 1987, Chakoumakos et al., 1991).A phenomenon of major importance is that diffusion is enhanced when amorphous domainsstart to overlap (first percolation point; Salje et al., 1999) due to the opening of diffusionpathways along interfaces between crystalline and amorphous domains.One major argument against the use of zircon as a radioactive waste form comes fromradiation­induced swelling (see above). Natural (Corfu et al., 2003) and doped syntheticzircon is most often chemically zoned (e.g. Hanchar et al., 2001; see also Váczi et al.,submitted), and when radioactive elements are incorporated into zircon heterogeneously,heterogeneous expansion causes cracking in non­expanded zones (e.g. Chakoumakos et al.,1987) and gives fluids access to internal, damaged zones while increasing the surface areafor dissolution (see e.g. Lee & Tromp, 1995). Dissolution, in turn, may mobilise major andtrace elements, causing an unwanted deterioration of radionuclide retention capabilities.Radiation damage in zircon is not stable under all conditions. Heat treatment (thermalannealing) experiments revealed that short­ and long­range order can be restored at elevatedtemperatures. In fact, whether or not a crystalline solid becomes metamict depends largelyon the ratio of damage accumulation and temperature­dependent annealing rates specific tothe material itself. For example, the temperature above which monazite (zircon­structuredrare­earth phosphate) can no longer be amorphised, because the annealing rate is faster thandamage accumulation, is ca. 600 °C lower than for zircon (Meldrum et al., 1998). It followsthat the observed self­irradiation damage level in natural zircon samples, for example asdetermined by Raman spectroscopy, will be a function of actinide concentration and age(causing metamictisation) counteracted by potential thermal annealing (causing recovery).
Fig. 2.A polarised­lightmicroscope image (crossedpolarisers) of a zircon grainfrom Plešovice, CzechRepublic, illustrating theimportance of micro­analysis. Areas with whit­ish interference coloursindicate zones where biref­ringence is lowered bystrong self­irradiationdamage. Swelling­inducedcracks are filled withanother material. Samplecourtesy J. Košler(University of Bergen,Norway); for details seeSláma et al. (2008).
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The recovery of radiation damage in partially metamict zircon is still a subject of contro­versy. One opinion states that that the point defects (Frenkel pairs) in the remnant crystallinevolume are annihilated first (Colombo & Chrosch, 1998a; Geisler et al., 2001a), followedby the epitaxial recrystallisation of amorphous domains on existing crystalline zircon(Capitani et al., 2000). The other view says that the recombination of Frenkel pairs in acrystalline lattice needs more energy (e.g. occurs at higher temperatures) than the reorgan­isation of amorphous domains on crystalline templates (see e.g. Presby & Brown, 1974).In the case of fully amorphised (metamict) zircon, i.e. with the lack of any crystallinetemplate, amorphous zircon first dissociates into a mixture of crystalline ZrO2 and amor­phous SiO2 (e.g. Colombo & Chrosch, 1998b; Capitani et al., 2000; Nasdala et al., 2002; seealso Kim & McIntyre, 2002; Monaghan et al., 2005). During further annealing, and espe­cially at higher temperatures, the ZrO2–SiO2 mixture fuses and forms crystalline ZrSiO4.Note that after zircon has passed the second percolation point (where connections within theremnant crystalline fraction are broken and crystalline islands become crystallographicallymisaligned), i.e. in severely and fully damaged zircon, annealing produces polycrystallinegrains; whereas below the second percolation point single crystals are restored.The phenomenon of radiation damage is relevant to some extent in all studies in thisdissertation, with the sole exception of the iron doping study (Váczi et al., submitted; seeAppendix 5). The behaviour of Raman parameters (see below) of damaged zircon at highpressures was discussed in Nasdala et al. (2008; see Appendix 1), the influence of damageon the high­temperature stability was evaluated in Váczi et al. (2009; see Appendix 4), thefluid­driven alteration (Nasdala et al., 2009b; 2009c; see Appendices 2 and 3) is inherentlylinked to earlier metamictisation, and finally the changes in the damage state due to artificialirradiation with energetic particles (He ions and electrons) on zircon was also investigated(Nasdala et al., 2009a; Váczi & Nasdala, 2008; see section 3.4).
1.3. Raman spectroscopyThe Raman effect is an inelastic scattering process that happens when an electromagneticradiation interacts with a molecule or solid. The incoming photon excites the system to avirtual state (an excited energy level of the system that is not a discreet state) while theincident photon is annihilated. The excited state relaxes through the creation of a newphoton. In the absence of any energy transfer, i.e., if the energy of the incident photon isthe same as the energy of the scattered one, we talk about Rayleigh (or elastic) scattering.As a rough estimate, about one in a million of incident photons, however, causes a pertur­bation in the molecule or solid and opens the possibility of a vibrational transition, whilethe scattered photon has an energy different from the incident one (Raman scattering). Theenergy of the incident photon is equal to the sum of the energy of the Raman­scatteredphoton plus the energy transferred to or from the vibrational transition. The scattered lightthus shows a red shift (i.e., a shift towards lower energies) if part of the incident energy isused to raise a vibration to the excited state; this is called the Stokes shift. If an excitedvibration relaxes to the ground state due to a Raman scattering event, the scattered lightshows a blue shift (anti­Stokes Raman scattering). Under ambient conditions, the Stokesside of the Raman spectrum is much more intensive and therefore in classical Ramanspectroscopy only that is measured and shown.Raman scattering provides chemical information about molecules and solids. Chemicalbonds are not fixed “sticks”, in contrast to figures in static visualisations. In the classicalharmonic model of molecular vibrations, bonds act as forces between atoms (also ions; inthe followings “atoms” will be used to cover both for brevity), whereas atoms are never atrest: bonded atoms oscillate around an equilibrium position which is where restoring forcescancel each other. In complex, polyatomic systems the vibrations may seem very compli­cated but in all cases the vibrational properties of a system can be described as the super­
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position of elementary vibrations (the so­called fundamental modes) such as stretching,bending and rotation of atom pairs or groups.Vibrations carry energy; a quantum (energy unit) of vibrational energy is called a phonon.Raman spectra are thus phonon spectra, consisting of bands that correspond to excitations(Stokes) or relaxations (anti­Stokes) of individual vibrations of molecules or solids, allrecorded on an energy shift scale relative to the elastic scattering. Note that not all vibrationsof a molecule or a solid show up as a band in Raman spectra. Raman scattering of light, i.e.an inelastic interaction between the excitation source (e.g. a laser light) and vibrations, onlyoccurs if the polarisability of the bond changes during the oscillation, which is determinedby symmetry constraints (the so­called selection rules). The energies of the phonons dependon bond strengths and the masses of the bonded atoms, for which reason the Ramanspectrum, i.e. the sum of all Raman­active transitions, of every substance is unique and canbe thought of as a “fingerprint” and used for identification.Most common Raman spectrometer configurations used today in Earth science researchemploy lasers as excitation source, microscopes for observation, sample illumination andlight collecting, and dispersive gratings for spectral decomposition. The laser beam is guidedby mirrors or glass fibres through a beam expander to the laser line rejection filter. This filteris either a low­pass edge filter (for Stokes Raman) or a band­stop notch filter (which allowsrecording Stokes and anti­Stokes Raman scattering as well). Laser rejection filters arereflective for the laser energy but transmissive for other energies starting typically from afew ten wavenumbers away from the laser line. The filter is fixed in a way that it reflects thelaser spot into a microscope, parallel to the optical axis. The laser spot is focused ontothe sample, the interaction takes place in the focal spot and the scattered light is collectedby the microscope objective (quasi­backscattering geometry). It is transmitted again throughthe edge or notch filter, most of the laser energy is rejected and the inelastically scatteredcomponent is spectrally decomposed in the spectrometer and projected into the detector. Inmost instruments charge­coupled device (CCD) detectors are used that are able to record aspectral window (i.e., a spectrum) during a single exposure.A confocal optical arrangement may be used to improve the spatial resolution of the instru­ment. A pair of conjugate apertures (pinholes) installed in the light path at appropriate posi­tions have the effect of cutting off light collected beyond a distance from the focal plane(Tabaksblat et al., 1992). The smaller the pinholes are the better is the depth discrimination, andtherefore the vertical and, to some extent, the lateral resolution of the system, though at theexpense of light collection efficiency. Such instruments are often called “Raman microprobes”,referring to the very small excitation volume (down to 5 µm3; Markwort et al., 1995) possibleto achieve. A similar effect on resolution may be reached by focusing Raman light on a slitbefore the spectrometer grating and software masking the image height on the detector(Williams et al., 1994). Such “pseudo­confocal” instruments offer good light throughput andan improved spatial resolution (but lag behind truly confocal systems) over non­confocal setups.Raman spectroscopy has proven very useful in the study of zircon. Pure, crystalline zirconis a fairly strong Raman scatterer and is very stable under the laser beam. The short­rangeorder (atomic configuration, coordination, symmetry) is disturbed by strain, caused forexample by the substitution of Zr by elements with a different ionic radius, or by defects(vacancies, interstitials) and strain due to self­irradiation damage; these changes areobservable in the Raman spectrum as well. The most sensitive indicator of a decrease of theshort­range order in zircon is the asymmetric stretching vibration of the SiO4 group, denotedas ν3(SiO4) (B1g mode; Dawson et al., 1971). It has been found, for instance, that theextensive replacement of Zr by Hf (Hoskin & Rodgers, 1996) or U (Geisler et al., 2005)influences the ν3(SiO4) band parameters at substitution levels in the 10 at% range. However,this influence at the concentration of non­formula elements commonly found in naturalzircon is negligible. Therefore, Raman analysis is ideal for the studying of radiation­induceddamage in zircon, without having to consider notable chemical effects.
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The ν3(SiO4) zircon Raman band shifts to lower relative wavenumbers and broadens withincreasing radiation damage (Fig. 3; see Nasdala et al., 1995; Zhang et al., 2000). The fullwith at half maximum (FWHM) of this band has been shown to be directly correlated withradiation damage doses (Nasdala et al., 2001), which can be used as a guide to estimate, withhigh spatial resolution, the degree of damage in zircon. In the absence of significantstructural damage, Raman analysis can also be used to study disorder due to impurityincorporation in zircon. These properties have been used in all research topics in thisdissertation, including a high­pressure study (Nasdala et al., 2008; see Appendix 1),investigations of zircon alteration (Nasdala et al., 2009b, 2009c; see Appendices 2 and 3)and the iron incorporation in zircon (Váczi et al., submitted; see Appendix 5), and themeasurement of damage caused by external He ion (Nasdala et al., 2009a) and electronirradiations (Váczi & Nasdala, 2008).
Fig. 3. Plots showing theevolution of the zirconRaman spectra (band shift,broadening) with increasingradiation damage.A Spectra of four samplesfrom zero (dotted line) tomoderate radiation damagein the SiO4 stretching range.B Spectra showing thatstrong radiation damagegradually obscures theRaman scattering of zircon.The completely metamictsample (10.6∙1018 α events)shows only a weak scatter­ing coming from amor­phous ZrSiO4. The zero­damage spectrum (dottedline) is shown for compar­ison. (Modified afterNasdala et al., 2003.)
92. Methods
In this section a summary with very brief descriptions are given of the numerous analyticaltechniques used in the studies presented, including what problems they may be applied to.Instrumental parameters are not listed, they may be found in the Appendices. The techniquesare listed here in groups approximately according to imaging, spectroscopic techniques,element and isotope analysis, and supplementary techniques (see Table 1 for an overview).Most of the analyses (Raman point analysis, infrared absorption spectroscopy, scanningelectron imaging, photoluminescence spectroscopy etc.) were done at the University ofVienna. For special equipment and expertise, a number of short research visits were made toother institutions. These included the Helmholtz Centre Potsdam (GFZ German ResearchCentre for Geosciences), Germany, in 2006 for focused ion beam sample preparation andtransmission electron microscopy; the Forschungszentrum Dresden­Rossendorf, Germanyin 2007 for He ion implantation at a tandem accelerator facility; the Curtin University ofTechnology, Perth, Australia, in 2007 for U–Pb isotope analysis; the University of Innsbruck,Austria, in 2008 for Raman mapping; and finally the Johannes Gutenberg University Mainz,Germany, in 2009 for electron irradiation and Raman mapping.
2.1. ImagingOptical light microscopy is used perhaps for all samples, from preparation and observationwith a stereomicroscope to the estimation of birefringence with a polarised light petrographicmicroscope. The same microscope with ultraviolet illumination may be used to take real­colour photoluminescence (PL) images. A scanning electron microscope (SEM) can be usedto record several signals. The most common imaging technique is the secondary electron(SE) image, used almost exclusively to record surface topography. Backscattered electron(BSE) images can be obtained in several ways; best known is the average atomic number (Z¯ )imaging. Note, however, that compositional contrast is not the only phenomenon recordedby a BSE detector. Orientation contrast may be observed between two, differently orientedcrystals of the same material; while electron channelling reduced for instance by radiationdamage causes a contrast within single crystals, as is the case with most zoned zircons (formore background see Nasdala et al., 2006a, and references therein). Flat, polished sampleswere mostly carbon­coated before SEM imaging. In the special case where unprepared grainswere imaged, the variable pressure SEM was used to spare the carbon coat, thus avoiding astrong luminescence background in later Raman measurements. Transmission electronmicroscopy (TEM) offers a variety of imaging methods, including bright field (BF) and darkfield (DF) images, selected area electron diffraction patterns (SAED; where the image isactually a Fourier transform of the BF image). High­resolution TEM (HRTEM) providesimages down to nanometre resolution. In the scanning TEM (STEM) mode a very tightlyfocused electron beam is scanned over the surface and the high­angle annular dark field(HAADF) detector is used to record high­resolution images with compositional contrast.Cathodoluminescence (CL) imaging may be done in a hot­cathode CL system, where adefocused electron beam excites CL and the emission is observed optically in real coloursthrough an optical microscope (OM­CL). In contrast, a CL system in a SEM (SEM­CL) uses
Mineralogical studies on zircon
10
an optical light guide to record CL intensity point by point as the focused electron beam israstered over the sample surface; the resulting image is monochrome. Cathodoluminescenceimages are very effective in revealing internal textures of complex, zoned zircon.Raman maps (“hyperspectral images”) may be generated from an x–y (or in transparentsamples x–z, y–z) dataset of Raman spectra (see below), by recording a single spectrum ateach raster point and reducing the data to show a desired spectral parameter at each point.The so­called “chemical images” generated from the datasets show the spatial distributionof a certain feature, for instance the level of radiation damage or strain in zircon. An electronprobe microanalyser (EPMA, also electron microprobe; see below) may be used to generatemaps of element distributions on polished sample surfaces, for instance aiding the correlationof the depletion or enrichment of different elements with textures seen with other methods.
2.2. Spectroscopic techniquesRaman scattering and infrared (IR) absorption probe transitions between vibrational energylevels, and therefore characteristic for any given material (molecule or solid). The twomethods can be used as fingerprinting for material identification but specific vibrations maycarry detailed information on certain material properties. The IR technique is very sensitivefor instance to absorption due to H–O bonds and may be used to analyse hydrogenincorporation (hydrous species) in solids. Raman spectroscopy offers a way to quantify forinstance structural properties such as the short­range order in zircon as a function ofirradiation dose. Photoluminescence (PL) spectroscopy uses luminescence emission excitedby a laser source. For instance the pressure shift of the ruby luminescence (R lines) may berecorded using a Raman instrument. Note that PL bands may easily show up in Ramanspectra and vice versa; discrimination between the two signals may require the changing ofthe excitation wavelength. A spectrometer coupled to a CL system is able to record CLspectra for the identification of CL emission centres. Mössbauer spectroscopy is a tool mostoften used for the identification of the valence and the coordination number of Mössbauer­active isotopes in solids. In geological samples, Mössbauer spectroscopy is most often usedto determine the oxidation state and coordination of Fe.
2.3. Element and isotope analysisElectron probe microanalysis is a widely used method to measure major to trace elementconcentrations in situ. It is an electron beam method, where the characteristic X­raysgenerated by moderate­energy (15–20 keV) electrons are detected. High precision may bereached by wavelength­dispersive X­ray (WDX) detectors, down to µg/g concentrationlevels, depending on the element and measurement conditions. For lower detection limitsand especially for analysing low atomic number elements (e.g. Li) and certain isotopes, thesecondary­ion mass spectrometer (SIMS) may be used. This instrument uses a primary ionbeam to sputter a small amount of material (from a ca. 10 µm diameter pit) from the samplesurface, which forms a secondary ion beam that is dispersed and analysed according to themass to charge ratio of the ions. The sensitive high mass resolution ion microprobe(SHRIMP) is basically a SIMS instrument with an oversized secondary ion beam path andincreased mass discrimination, primarily used for isotope geochronology (see Appendices 2and 3). An analytical TEM (ATEM) is a STEM equipped with an energy­dispersive X­ray(EDX) detector, capable of element analysis with the resolution of a few nanometres.Electron energy loss spectroscopy (EELS) is an analytical technique in the TEM, where theenergy of forward scattered electrons passed through the sample is measured; the spectramay be used for instance to identify the incorporation of hydrous species at a much smallerscale than IR (a few nm vs. a few times 10 µm, respectively).
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2.4. Supplementary techniquesThe instruments listed here are not analytical tools but are important in sample preparationor performing certain experiments. The focused ion beam (FIB) technique uses a Ga ionbeam to mill into sample surfaces; it is possible, among other things, to cut an electrontransparent (ca. 100 nm thick) foil for TEM investigations. A diamond anvil cell (DAC) is amechanical device that presses together two clear, transparent diamond “anvils” to reachvery high pressures through a pressure transmitting medium. The diamonds act as windows,through which a number of analytical methods (including Raman and PL spectroscopy) arepossible. And finally, a tandem accelerator can generate high kinetic energy ions, such as4He2+ (identical to an alpha particle). The accelerated ions are implanted in the sample andresulting changes in material properties may be investigated using other methods.Implantation depths (stopping ranges) and damage (point defects) created by the implantedparticles were calculated using the Monte Carlo (MC) simulation program packageSRIM/TRIM.
Table 1. Summary of applied analytical tools to characterise samples, and in which study the giventechniques were used. The abbreviations of analytical techniques are explained in the text.
HP: high­pressure Raman study; Nasdala et al. (2008), Appendix 1
LT: low analytical totals; Nasdala et al. (2009c), Appendix 2
UR: uranium retention in altered zircon; Nasdala et al. (2009b), Appendix 3
TD: thermal decomposition; Váczi et al. (2009), Appendix 4
Fe: iron­doping of zircon; Váczi et al. (submitted, Appendix 5
He: helium irradiation; Nasdala et al. (2009a)
EI: electron irradiation; Váczi et al. (2008)
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3. Main results
In this section the major results of the dissertation are summarised. The outcome of theresearch activity has been written up in five journal papers, four of which have already beenpublished, while one is submitted for publication. All five papers are reprinted in Appendices1–5 in full length. Here only a brief overview of these studies on zircon is given, outliningthe most important conclusions. Two studies on external irradiation were presented atconferences; therefore slightly extended summaries of them are given in section 3.4. Thestudies are grouped according to the phenomenon investigated, namely (i) zircon propertiesat high pressure and high temperature, (ii) fluid driven alteration and resulting characteristicfeatures, (iii) effects of iron doping, and (iv) the influence of external irradiation on zircon.
3.1. Properties of zircon at non­ambient conditionsZircon is mostly investigated under ambient conditions. However, there are certaingeological conditions, applications and experiments where high pressures or temperaturesare encountered. There is a need, therefore, to understand zircon behaviour under suchconditions as well. The works presented in Appendices 1 and 4 do not investigatesimultaneous high­pressure (HP) and high­temperature (HT) conditions; instead, they arefocused on two aspects of zircon research: (i) the identification of heat treatment ofgemstones with unknown history and zircon inclusions and (ii) the behaviour of zirconduring dry annealing using everyday laboratory equipment and conditions.
3.1.1. Raman spectroscopy of zircon under pressure (Appendix 1)Zircon inclusions in certain minerals formed deep in the Earth’s crust (e.g., corundum,spinel, diamond) often experience considerable strain under ambient conditions due todifferential decompression upon uplift. The zircon inclusions are affected, however, by self­irradiation damage due to their actinide content, but also by the thermal history of the host(Wang et al., 2006; Wanthanachaisaeng et al., 2006). If the host gemstone is heat­treated forinstance to improve its colour, then the inclusions are also annealed, possibly erasingradiation­induced damage and related changes in Raman properties. The main goal ofNasdala et al. (2008; reprinted in Appendix 1) is to evaluate how strain influences thespectral parameters of the ν3(SiO4) zircon band used for the determination of self­irradiationdamage (after Nasdala et al., 1995), and whether Raman spectra of zircon inclusions may beused to recognise heat treatments of their host gemstones.Four natural zircon gemstones from Sri Lanka, spanning a range between moderate andheavy damage levels, and a pure, synthetic ZrSiO4 sample were subjected to hydrostaticcompression in a diamond anvil cell (DAC) up to ca. 10 GPa, to record their Raman spectra.Such conditions are far below the pressure required for the zircon to reidite (zircon structureto scheelite, CaWO4, structure) phase transformation (20 GPa in Knittle & Williams, 1993;23 GPa in van Westrenen et al., 2004). The results have shown that the peak position of theν3(SiO4) zircon Raman band follows a similar trend, namely an upshift with increasingpressure, in all investigated samples. At the same time, the broadening of the same Raman
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band is only very slightly influenced by pressure. This means that the band broadeningfollows comfortably well the trend defined by ambient­pressure observations (Nasdala et al.,2001, Nasdala et al., 2004) and may therefore be used to estimate the damage levels inzircon inclusions in situ inside gemstones, despite any strain (“fossilised pressure”). Thisinformation may then be used to establish whether any heat­treatment has been applied tothe host gemstone or not, to improve its colour or other properties.
3.1.2. High­temperature behaviour of zircon (Appendix 4)Naturally­formed zircon rarely encounters circumstances where the temperature reaches1400 °C. In experiments and technical applications, however, zircon may be exposed to suchand even higher temperatures (e.g. furnace linings and moulds in metallurgy and the glassindustry, environmental barrier coatings etc.). For geologists, zircon at high temperaturescomes into question mostly in experiments aimed at or simply involving heat treatment (e.g.to study the structural recovery of radiation damage and the related changes in physical andchemical properties, or radioactive dating methods that exploit reactions in zircon at hightemperature; for a discussion and references see Appendix 4). The aim of the study inAppendix 4 (Váczi et al., 2009) is to evaluate phases and textures formed as a result ofzircon decomposition during annealing at 1400 °C, and to discuss the relevance of reactionconditions (sample container, inclusion host, atmosphere) on the breakdown behaviour.To explore the influence of sample properties, a set of zircon samples were chosen,ranging from pure, synthetic ZrSiO4 through slightly and moderately damaged gem zirconto heavily altered secondary zircon. The results show that breakdown at 1400 °C occurs inall samples (Fig. 4), despite the fact that thermal decomposition is predicted to occur onlyat significantly higher temperatures (e.g. Butterman & Foster, 1967), in accordance withmany empirical observations (e.g. references in Kaiser et al., 2008). Different radiationdamage levels were found to have little qualitative effect on decomposition. On thecontrary, secondary altered zircon (see also Nasdala et al., 2009b; 2009c) undergoes majortextural changes. The crucible material was found to have a strong effect on the extent andtextures of thermal breakdown: a reaction, inferred to take place between aluminacrucibles and volatile silica released from zircon, significantly accelerated decomposition,especially on grain surfaces in contact with or at short distances to the crucible. Incontrast, such acceleration of breakdown was not observed in inert platinum crucibles. Inthis study the effects of the atmosphere (gaseous species or vacuum) on the decompositionreaction were also discussed. An attempt was made to explain the relevance of the aboveinfluences to the mechanism and success of two zircon dating methods (Mattinson, 2005;Kober, 1986, 1987).
Fig. 4. Breakdown textureson zircon grain surfaces afterannealing at 1400 °C.A SE image of sample M257,showing the morphology ofsurface corrosion pits anddecomposition products. Mid­gray is zircon; lighter gray,rounded grains are ZrO2. Thepresence of silica cannot beundoubtedly confirmed fromSEM images.B Optical microscope image,reflected light (sample: pure,synthetic zircon). The whitegrains marked with arrows areZrO2 (baddeleyite). Thecoloured interference fringesare caused by a thin (< 0.5 µm)layer of unidentified material,assumed to be a remnant of thephase silica. The rest of thesilica component is assumed tohave evaporated at hightemperature.
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3.2. Chemical and textural properties of altered zirconZircon is generally assumed to be physically and chemically highly stable and resistant. Thisis indeed true for crystalline to slightly damaged zircon; it is no accident that the oldestknown terrestrial material is zircon (4.4 Gyr; Wilde et al., 2001). Self­irradiation due toincorporated actinides, however, damages the structure of zircon, changing the mechanicaltoughness (e.g. Chakoumakos et al., 1991) and solubility (Lumpkin, 2001; Tromans, 2006)significantly. Decreased toughness and heterogeneous swelling open a network of cracks inzoned zircon crystals (Chakoumakos et al., 1987), thus allowing fluids to interact withradiation­damaged internal zones. The reactions driven by fluids leave behind a peculiarsignature, observable with a variety of analytical methods. Two studies have been dedicatedto alteration features in zircon, one focusing on the chemical and textural changes (Appendix2, published in Nasdala et al., 2009c) and a second one investigating a special case ofalteration where the leaching of radioactive isotopes was surprisingly minimal (Appendix 3,published in Nasdala et al., 2009b).
3.2.1. Deficient electron microprobe totals and related phenomena (Appendix 2)Altered regions in zircon typically appear very dark in CL and BSE images (Fig. 5), in whichthey do not obey the “regular” inverse correlation between BSE and CL intensity (e.g. Corfuet al., 2003; Nasdala et al., 2006a). These altered areas have often been found to besignificantly enriched in non­formula elements as well, but at the same time they show asignificant deficiency in analytical totals derived by electron microprobe (e.g. Pointer et al.,1988; Smith et al., 1991; Geisler et al., 2003b; see also Nasdala et al., 2009c, and referencestherein). The article in Appendix 2 (Nasdala et al., 2009c) aimed to find the textural andchemical reasons behind decreased BSE yield, CL emission and EPMA totals (oxide sums).A selection of samples showing alteration textures were investigated with a variety ofanalytical tools to explore micro­ and nanotextures, elemental (including O) and Pb isotopiccompositions, hydrous content and short­range order. Results showed that the deficiency inelectron beam analysis sums are not caused by cations missed from routine analysis. Instead,electron microprobe O analysis showed an excess of oxygen, which was assigned to hydrousspecies. However, adding “water” (with concentrations well in the wt% range) to the oxidesums yielded still deficient analytical totals. Transmission electron microscopy techniquesrevealed significant nanometre­scale porosity, which was interpreted to reduce bothcharacteristic X­ray and back­scattered electron yield as a result of volume deficiency andinterface effects due to porosity.
Fig. 5. BSE images showingalteration textures in zircon.A Almost entirely alteredzircon grain (Ural Mts.,Russia; see Willner et al.,2003). Note the strongporosity, which is typical forpost­alteration textures.B Partial alteration, occur­ring preferentially alongfully damaged primarygrowth zones (sample:Bancroft, Ontario; seeNasdala et al., 2009b).
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3.2.2. Zircon alteration and element mobility: A special case (Appendix 3)Alteration of zircon by low­temperature hydrothermal fluids remobilises primary zircon inradiation­damaged zones and replaces it with porous zircon with a significantly differentchemical character (see above; Nasdala et al., 2009c). Alteration processes are generallyassumed to mobilise radioactive and radiogenic isotopes as well, thus severely disturbing theisotope systems used for age determinations. Although one often encounters such processesdescribed as “leaching”, it is by no means a rule that only depletion of U, Th or Pb mayoccur during an alteration event (see, e.g., Utsunomiya et al., 2007, for an example ofoccasionally extreme enrichment in U and Th) – it depends naturally strongly on thecharacter of the alteration fluid (which mostly remains unknown for natural occurrences).The study in Appendix 3 (Nasdala et al., 2009b) demonstrated that despite major texturaldifferences, the U/Th–Pb isotope systems may yield the same age from radiation­damagedprimary areas, altered secondary regions and completely reworked, inclusion­rich partswithin the same zircon single crystal.Zircon samples from Bancroft, Ontario, were investigated in detail using polarised opticalmicroscopy, BSE imaging, electron microprobe chemical analysis and element mapping, andSHRIMP isotope analysis for age determination. Textural analyses have shown singlecrystals to contain several texture types: a primary, finely zoned region where in fullymetamict zones patches of recrystallisation are seen (Fig. 5b) emanating from swelling­induced cracks; large areas completely reworked by alteration, seen as a microscopicallyporous, polycrystalline area with a very large amount of mineral inclusions etc. Chemicalmapping and analyses with the electron microprobe revealed a moderate major elementmobilisation: Zr and Si are depleted to ca. 95% compared to the unaltered areas. Mostremarkable is that U is lost only to a similar degree, i.e. on average ca. 94% of the U isretained in altered patches. In contrast, Pb is lost to a varying degree, causing in cases strongdiscordance in radiometric ages; however, age data plot very nearly on the same discordialine. The most important implication of these results is that it the mobility of radionuclidesmay be significantly lower than that predicted by laboratory leaching experiments. Zirconmay therefore be a suitable ceramic nuclear waste form, even in its strongly radiation­damaged state. Through a careful engineering of the nuclear waste form(s) and encapsulationmaterials it might become possible to contain actinides in geological repositories.
3.3. Crystal chemical and spectroscopic characterization of iron­doped zircon(Appendix 5)The concentration of iron in natural primary zircon is normally very low (Hoskin &Schaltegger, 2003), because di­ and trivalent iron is incompatible with the structure. Inaltered secondary zircon, however, often enriched Fe contents (along with Ca, Al, P etc.; seee.g. Nasdala et al., 2009b; 2009c) are measured. In natural zircon, however, substitutions,inclusions and textural effects are seen simultaneously, therefore there is no way to establishthe influence of a single impurity element. Furthermore, in pink zircon pigments, awidespread application of zircon in the ceramics industry, the pink colouration is caused byFe doping.To study the effects of iron on zircon, Fe­doped synthetic zircon crystals were grown inthe presence of excess Fe; P was added to aid charge compensation. A special set of sampleswere doped with iron oxide enriched in the 57Fe isotope to facilitate Mössbauer signalcollecting. Mössbauer spectroscopy showed that more than half of Fe is included as ahematite (α­Fe2O3) phase; the remaining Fe occupies mostly a sixfold interstitial position,whereas only a minor fraction of Fe replaces Zr. Raman maps revealed an increasingdisorder from crystal rims to centres, which was found to correlate well with dopant levels.Chemical data, however, showed a low overall Fe concentration (0.01–0.39 wt%) but also aconstant P excess (ca. 1:6 Fe to P ratio in calculated atoms per formula units), which
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suggested that P incorporation is not the sole charge compensating mechanism. Direct Fe in­corporation into the zircon structure was found to be generally low, the majority of Fe beingconfined to hematite inclusions. Thus, in conclusion, it can be said that wt%­level Fe is notstrictly a chemical impurity in secondary zircon, but is the major part is most likely carriedby other mineral phases, perhaps of the size below the resolution of routine imagingtechniques. Elevated Fe concentrations therefore may be taken as a reliable indicator ofsecondary alteration.
3.4. Raman spectroscopic studies of external irradiation of zirconRaman spectroscopy is especially well suited to the study radiation effects with a high spatialresolution. Two studies will be introduced here in which an external source of particles wasused to irradiate zircon, and Raman spectroscopy, along with ther techniques, was appliedto evaluate the resulting changes in the short­range order in the irradiated volume. In the firststudy (Nasdala et al., 2009a) the effect of He2+ ions on damage in zircon is investigated, inanalogy with their natural occurrence in alpha decay. In the last experiment (Váczi &Nasdala, 2008), the influence of the extremely common electron beam microanalysis onzircon damage is studied systematically to explore changes caused by electron doses thatoccur in everyday analysis conditions. Note that both studies are work in progress and beenpublished as conference presentations, therefore they are dealt here in a somewhat extendedlength.
3.4.1. Helium ion irradiation: a simulation of the influence of alpha­particlesAlpha particles created in alpha events are highly energetic (3.9–8.8 MeV in the U and Thdecay chains) but they are less ineffective than heavy particles, such as recoil ions, increating permanent structural damage in solids (ca. 15% of the bulk damage comes fromalpha emission; Wasilewski et al., 1973; Nasdala et al., 2001). Instead, electronic andvibrational interactions dominate through most of their trajectory; direct knock­on damageis concentrated in the last few micrometres (e.g.Weber et al., 1998; Nasdala et al., 2006b).In natural zircon alpha­particle and recoil damage occurs simultaneously. Although the twotrails are created in opposite directions, the decay events are scattered and trails are orientedrandomly; therefore, it is not feasible to separate the effects of the two types of particles inthe case of self­irradiation. Artificial, external irradiation by 4He2+ ions (which are analogousto alpha particles), accelerated to the appropriate kinetic energy, may be used to simulate andassess the effect of only the alpha­particles on zircon. It has been suggested (Hendriks &Redfield, 2005) that through electronic interactions some of the pre­existing radiationdamage may be annealed by alpha particles in apatite. The study outlined here (Nasdalaet al., 2009a), published as a presentation at the MAPT 2009 Conference (Edinburgh,Scotland), aimed to test whether alpha­particle irradiation is able to reduce the damage levelin self­irradiated zircon, or on the contrary, more damage is created.Polished surfaces of samples from zero to complete radiation damage were irradiatednormal to the surfaces by 8.8 MeV He2+ ions at a tandem accelerator (FZD Rossendorf­Dresden, Germany) in a parallel beam at a dose of 1016/cm2. Irradiated samples were thenprepared to show a cross­section of the area of irradiation parallel to the irradiation direction.Raman line scans were recorded with 1 µm steps to reveal the structural state (short­rangeorder) as a function of the distance from the irradiated surface. With the exception of thefully amorphous sample, radiation damage was increased through the entire flight path ofthe alpha particles, significantly peaking at the distance that corresponds very well to thestopping ranges in zircon (ca. 32 µm in pure, crystalline zircon, but slightly increasing withinitial damage, and hence the density of the sample; see Fig. 6a). In the range between 0 andca. 30 µm from the irradiated surface the damage level is very slightly higher than the
3. Results
17
“background” (i.e., in non­irradiated zircon), seen as slightly increased Raman band widths.No decrease in damage levels was found in any of the samples. Raman observations are fullyconsistent with luminescence (CL, PL) imaging of irradiated profiles of moderately damagedsamples. Non­irradiated zircon luminescence emission is dominated by a dark blue broadband. The irradiated volume shows an intense yellow, broad­band emission, with theexception of a narrow, dark strip, in which luminescence emission is most probablyquenched due to the elevated concentration of defect centres at the distance where mostatomic displacements are expected. The same quenching effect is shown on PL images inFigure 6b. These observations confirm that the yellow luminescence band in zircon arisesfrom a low concentration of radiation­induced defect centres (Gaft et al., 2005).These results apparently contradict conclusions of dual­beam experiments (Devanathanet al., 1998) in which the critical dose rate of heavy­ion irradiation to reach amorphisationwas found to increase due to light­ion or electron bombardment. Note, however, that innatural zircon (and other actinide­bearing minerals such as monazite) the dose rate is farfrom those in irradiation experiments (typically on the order of a few alpha events per minuteand mm3) and genuine dual irradiation of any given volume occurs with a very lowprobability, since the alpha particle and the recoil ion travel in opposite directions. Thereforedual­beam irradiation experiments may only bear relevance to materials with a very highconcentration of alpha emitters (nuclear waste forms, e.g.Weber, 1990; Geisler et al., 2005).Alpha­assisted annealing, which was observed for fission trails in apatite (e.g. Hendriks &Redfield, 2005), was not confirmed in naturally radiation­damaged zircon in this study.
3.4.2. Electron irradiation: an assessment of the influence of electron microprobeanalysisElectron microprobe analysis is perhaps the most common tool to investigate the chemicalcomposition of zircon. The analyses are typically done with a moderate­energy electronbeam (15–20 keV, while 100–300 keV and above is used in TEM) but occasionally with avery high probe current to achieve good signal counting statistics (usually from ca. 10 to200 nA and above in EPMA; in contrast, ca. 1 nA or less is typically used in a TEM).Though generally “beam damage” is associated with electron beam irradiation, Nasdala et al.(2002, 2003) have shown examples of the recovery of short­range order at the location of
Fig. 6. Damage induced insynthetic zircon by He­ionirradiation. All doses aregiven in He ions/cm2.ATop: PL emission intensity.Middle: Raman band broad­ening (indicating short­rangeorder). Bottom: ionisation andpoint defect distribution, pre­dicted by MC simulations, asa function of the distancefrom the surface.B Optical microscopy PLimages showing the effect offive different irradiationdoses. Irradiation direction isfrom the left, samples werecut perpendicular to the irrad­iated surface. At low doses,yellow PL is generated, whilePL is quenched by strong dis­placement damage at higherdoses, first near the stoppingrange of He ions (ca. 32 µmfrom the surface; see A).
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EPMA analysis spots. Thisstudy, published as a presen­tation (Váczi & Nasdala,2008) at the Georaman ’08Conference (Ghent, Bel­gium), intended to quantifythe systematic change bet­ween electron dose (a pro­duct of beam current andirradiation time) and theincrease of short­range order,based on the change in theν3(SiO4) zircon Raman bandwidth. The irradiation doseswere chosen so that resultsshould be useful to assessthe impact of electron micro­probe analyses on zircon,especially regarding sub­sequent structural microanalysis such as Raman measurements.A series of zircon gemstones and a pure, synthetic ZrSiO4 crystal, spanning the initialradiation damage range between fully crystalline and completely metamict, were irradiatedusing an electron microprobe operated at 20 kV. The electron beam was fully focused.Irradiation times and probe currents were chosen to be of relevance to practical analyticalwork; times between 20 s and 300 s and currents between 10 and 200 nA were applied to thesamples. The electron irradiation had no observable effect on the two “extreme” samples; nosignificant Raman parameter changes were recorded in the synthetic (no initial radiationdamage) and the fully metamict zircon. Samples with intermediate radiation damage werefound to follow a trend of decreasing Raman band width (i.e., a restoration of short­rangeorder) with increasing electron dose (Fig. 7). The trend appears to be not uniform withelectron dose; it appears from the data that a high current in a short time has a larger effectthan smaller currents in longer times. This study is still in progress; due to the difficulties ofprecisely relocating irradiation spots and to sample preparation artefacts, the Raman resultsare not reliable enough to draw precise final conclusions, e.g. on whether an “incubation”dose exists or not. In conclusion, care should be taken to avoid strain as an artefact of samplepreparation. On the other hand, the results confirm that under a moderate­energy electronbeam not only beam damage may but also recrystallisation may occur. In general, structuralmicroanalysis, including e.g. Raman and IR spectroscopy, should therefore be done beforeelectron probe chemical analysis to avoid artefacts from modified crystalline order.
Fig. 7. The effect of elec­tron irradiation dose onthe short­range order ofzircon. Smaller FWHMindicates better crystal­linity. Note that the errorin Raman broadeningvalues (vertical axis) is atleast 0.5 cm–1, thereforesignificant changes areonly observed at largedoses. Sample G168,strong initial damage(2.8–3.0∙1018 α events/g;for original sampledescription seeNasdala et al., 2004).
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Abstract Pressure-induced changes of Raman band
parameters of four natural, gem-quality zircon samples
with different degrees of self-irradiation damage, and
synthetic ZrSiO4 without radiation damage, have been
studied under hydrostatic compression in a diamond anvil
cell up to *10 GPa. Radiation-damaged zircon shows
similar up-shifts of internal SiO4 stretching modes at ele-
vated pressures as non-damaged ZrSiO4. Only minor
changes of band-widths were observed in all cases. This
makes it possible to estimate the degree of radiation
damage from the width of the m3(SiO4) band of zircon
inclusions in situ, almost independent from potential
‘‘fossilized pressures’’ or compressive strain acting on the
inclusions. An application is the non-destructive analysis of
gemstones such as corundum or spinel: broadened Raman
bands are a reliable indicator of self-irradiation damage in
zircon inclusions, whose presence allows one to exclude
artificial color enhancement by high-temperature treatment
of the specimen.
Keywords Zircon  Radiation damage 
Diamond anvil cell  Raman spectroscopy
Introduction
The accumulation of self-irradiation damage in zircon
(ZrSiO4) leads to dramatic changes of physical properties
and chemical resistance of this mineral and may finally
lead to an amorphous ‘‘metamict’’ form (e.g., Ewing et al.
2003). The damage originates from the radioactive decay
(i.e., alpha-decay events) of U and Th substituting on the
Zr4? sites within the lattice, and their instable daughter
nuclei in the respective decay chains. The degree of radi-
ation damage that is present in a certain sample, however,
does not necessarily correlate with the self-irradiation dose.
It has been shown that radiation damage is the result of the
two competing processes damage accumulation and dam-
age annealing, controlled by the sample’s thermal history
(Meldrum et al. 1999).
Nasdala et al. (1995) have introduced Raman spectros-
copy as a method to estimate quantitatively the degree of
radiation damage in zircon. They showed that Raman
spectra of mildly to strongly radiation-damaged (but not
yet amorphized) zircon show the same pattern of Raman
bands as crystalline zircon. Bands, however, clearly shift
towards lower wavenumbers and broaden, which reflects
the loss of short-range order and the general expansion of
the lattice. The FWHM (full width at half band-maximum)
of the internal m3(SiO4) mode at *1,000 cm
-1 was found
to increase most sensitively with increasing radiation
damage. It increases from \2 cm-1 for well-crystallized
(i.e., undamaged) to well above 30 cm-1 for strongly
radiation-damaged zircon. This parameter was used in
many recent studies to estimate the degree of metamicti-
zation of unknown zircon samples. The Raman-based
estimation of radiation damage provides the opportunity to
do non-destructive in situ analyses with resolution on a
micron-scale, opening up new opportunities for studying
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the structural state of single zones and areas within zircon
grains, and their internal heterogeneity. Applications were
presented, for instance, by Wopenka et al. (1996), Hoskin
and Black (2000), Zhang et al. (2000), Balan et al. (2001),
and Pidgeon et al. (2007).
The objective of the present paper is to study the
Raman spectral changes of radiation-damaged zircon (or,
more precisely, zircon-structured ZrSiO4) at elevated
pressure. Such data have only been provided for crystal-
line zircon thus far by Knittle and Williams (1993), who
found that ZrSiO4 transforms from the zircon-type to a
scheelite-type high-pressure polymorph at *37 GPa.
Pressures applied in the present study have remained well
below this transition. Note that the present study deals
with effects of hydrostatic compression on the spectral
behavior of zircon with accumulated self-irradiation
damage. It is therefore not closely related to recent papers
addressing the question how pressure affects the forma-
tion of local material changes, i.e., the process of damage
accumulation due to relativistic heavy ions under pressure
(e.g., Glasmacher et al. 2006; Lang et al. 2005, 2008). In
contrast, we have focused on the following questions: (1)
which spectral changes are observed for existing radiation
damage in zircon on pressure changes within the hydro-
static regime; (2) as to which degree trends of spectral
changes of significantly radiation-damaged zircon differ
from those of non-damaged ZrSiO4; and finally (3)
whether or not the presence of pressure affects the
quantification of radiation damage using the FWHM of
the m3(SiO4) Raman mode.
Samples and experimental
We have studied small chips of four zircon gemstones
(ages 522–571 Ma) originating from the Sri Lankan
Highland Complex, and synthetic (un-doped) ZrSiO4. The
latter was grown using the Li–Mo flux technique described
by Hanchar et al. (2001). Chemical and isotopic compo-
sition and structural state of the four natural samples,
namely M144, BR231, OR1, and G168, have been
described in detail elsewhere (Nasdala et al. 2004). They
cover the range from mildly (M144; 436 ppm U) to
strongly radiation-damaged (G168; 1,499 ppm U). For
analytical characterization of the synthetic (i.e., very-well
crystallized) ZrSiO4 see Nasdala et al. (2002b).
High-pressure experiments up to *10 GPa were per-
formed in three runs using an ‘‘ETH-type’’ diamond anvil
cell (DAC) that has been described in detail by Miletich
et al. (2000). For all three individual loadings 0.09 ct type
Ia low-fluorescence diamond anvils with 0.6 mm culets
were placed on standard Be backing plates with 15
opening angles for the optical ports. The pre-indented
steel gaskets had thicknesses of 85–95 lm, and the
diameter of the mechanically-drilled circular pressure
chamber was in the range 205–250 lm. The cell was
loaded with one or two un-oriented crystal fragments
(longest dimensions 90–150 lm). Cryogenically loaded
argon was used as pressure-transmitting medium. For the
determination of pressure inside the DAC, several small
ruby spheres (sizes ca. 5–10 lm) were loaded together
with zircon fragments. Pressures were calculated from the
spectral position of the laser-induced R1 emission line
(2E ? 4A2 transition; Nelson and Sturge 1965) of Cr
3?
centers incorporated in Al2O3. The R1 emission lies at
14,405 cm-1 (which corresponds to k = 694.2 nm) at
ambient conditions and is shifted to lower wavenumbers
(i.e., higher wavelengths) at elevated pressures. Calibra-
tions have been provided, for instance, by Piermarini
et al. (1975) and Mao et al. (1986). Measurements were
done at least 30 min after manual pressure increase or
decrease, to reach equilibrium conditions of pressure
setting in the DAC. Pressures were derived from the
wavelength shift relative to the respective measurement at
1 bar after complete pressure release, using the empirical
calibration parameters given by Mao et al. (1986) for
hydrostatic conditions.
Raman spectra were obtained by means of a Renishaw
RM1000 spectrometer equipped with Leica DMLM optical
microscope, a grating with 1,200 grooves per mm, and a
Peltier-cooled charge-coupled device (CCD) detector.
Spectra were excited with the 785 nm emission line of a NIR
(near infrared) diode laser. The laser power at the sample was
\3 mW, which is well below the threshold for any heating
effects thathypotheticallycouldbecausedbylocalabsorption
of the laser light.A209ULWD(ultra-longworkingdistance)
objective (numerical aperture 0.40, free working distance
*11 mm)wasused.With thisobjective, the lateral resolution
(with the system operated in the quasi-confocal mode) is
estimated at about 20–30 lm, which was powerful enough
for our needs. The spectrometer was calibrated using neon
lamp emissions (cf. Lide 2003), in particular those at
14219.87 cm-1 (703.24 nm), 14431.12 cm-1 (692.95 nm),
and 14887.5 cm-1 (671.7 nm), and the Rayleigh line. All
spectra were obtained in the ‘‘continuous extended scan’’
mode, with accumulation times of 10 s for the Rayleigh and
neon lamp lines, 30 s for the ruby R lines, and between 60 s
(synthetic ZrSiO4) and 900 s (OR1, G168) for zircon Raman
spectra.Thewavenumber accuracy wasbetter than 0.5 cm-1,
and the spectral resolution was determined at*2.5 cm-1.
Fitting was done assuming Lorentzian–Gaussian band
shapes (except for the Rayleigh line, for which a simple
Gaussian shape was assumed). Measured FWHMs were
corrected for the experimental band broadening (i.e.,
apparatus function, spectral width of laser emission), and
real FWHMs were calculated according to the procedure of
598 Phys Chem Minerals (2008) 35:597–602
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Verma et al. (1995). Estimated uncertainties of corrected
FWHMs of the zircon m3(SiO4) Raman band were between
±0.4 cm-1 (synthetic ZrSiO4) and ±1.2 cm
-1 (G168).
Uncertainties of determined pressures are assessed to be
below ±0.1 GPa.
Results and discussion
Representative zircon Raman spectra obtained with
785 nm excitation are presented in Fig. 1. Near infrared
(NIR) excitation was preferred for two reasons. First, the
spectral resolution of a dispersive spectrometer is better at
longer wavelengths. This results in bands being defined by
more data points, which improves the reliability of fit
results especially for narrow bands. Second, with visible
excitation, zircon Raman bands are likely to be affected
by simultaneously excited laser-induced luminescence
emissions. In test measurements with He–Ne 632.8 nm
excitation it turned out that the (comparably weak) Raman
spectrum of zircon was fully obscured by Cr3? sidebands.
Note that in the emission spectrum of Cr3? in corundum,
the main R1 and R2 lines (emissions of single Cr
3? ions) are
accompanied by N1 and N2 lines (emissions of pairs of
closely neighbored Cr3? ions, at 704.1 and 700.9 nm;
Powell 1967) and extended sidebands (main emissions
modulated by vibrations which have strong intensity in the
range 645–740 nm; Rothamel et al. 1983). Even though
sidebands are much less intense than R lines, they are still
several orders of magnitude higher in intensity than Raman
bands. Test measurements with Ar? excitation (488 and
514.5 nm) showed significant problems with luminescence
phenomena in the case of natural zircon samples. These
emissions are assigned to rare earth element (Gaft et al.
2000; Nasdala and Hanchar 2005) and unknown broad-
band emission centers in the zircon structure (Gaft et al.
2002).
It should be mentioned that hypothetical problems to
excite the red ruby luminescence with the NIR laser did
not occur. Direct (i.e., single-photon) excitation of the
R1 emission (photon energy *1.79 eV) was of course
impossible, because of the too low photon energy of
785 nm laser light (*1.46 eV). Nevertheless, the R lines
were excited, and obtained, with sufficient intensity. This
may possibly be assigned to a two-photon excitation
process.
Natural zircon shows in general comparably weak
luminescence in the NIR. However, in spite of the fact
that 785 nm excitation was used, the (low-intensity)
Raman spectra of all four natural samples were notably
affected by luminescence, especially in the range below
834 nm (corresponding to Raman shifts smaller than
750 cm-1; Fig. 1). Nevertheless, the two main Raman
bands of zircon at about 1,000 cm-1 could be obtained in
all cases. These bands are assigned to symmetric
stretching (m1; A1g mode at *974 cm
-1) and antisym-
metric stretching (m3; B1g mode at *1,008 cm
-1) of SiO4
tetrahedra in the zircon structure (Dawson et al. 1971;
Syme et al. 1977; Mazhenov et al. 1979). Reliable
background correction was possible in spite of the sig-
nificant background intensity, because of the nearly linear
(slightly concave) background shape in our spectra
(Fig. 1). In contrast, correction for background lumines-
cence consisting of a multitude of narrow emissions (as
for instance occurring when Ar? 514.5 nm excitation is
used; Nasdala and Hanchar 2005) would have introduced
clearly more uncertainty. In Fig. 1, background correction
and band fitting results are demonstrated for the example
of the 5.1 GPa spectrum of zircon OR1.
Fig. 1 Raman spectra (785 nm excitation) of zircon OR1 from Sri
Lanka, obtained at different pressures. To demonstrate band decon-
volution, background-corrected spectrum (a), fit result (b), fitted
single bands (c), and difference plot (d) are shown below for the
example of the 5.1 GPa spectrum
Phys Chem Minerals (2008) 35:597–602 599
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Calculated difference graphs indicated that obtained
Raman bands were not affected by significant band
asymmetry. This observation is important insofar as it
supports quasi-hydrostatic conditions as expected for the
pressure medium (argon) used. In contrast, lattices affected
by strain due to deviatoric stress under non-hydrostatic
conditions typically yield notably asymmetric Raman
bands (heterogeneous band broadening; see for example
Figs. 1 and 3 in Sharma et al. 1985, Fig. 2b in Nasdala
et al. 2002a), which was not observed in the present study
over the whole range of experimentally achieved pressures.
Results are shown in Fig. 2. As expected, bands of SiO4
stretching modes were found to shift towards higher rela-
tive wavenumbers (i.e., higher Raman shifts) with
increasing pressure. Only for synthetic ZrSiO4 Raman
bands in the spectral range below 750 cm-1 could be
measured (see above). Here, we found that SiO4 bending
and most external modes (including the translational Eg
band at 225 cm-1) are up-shifted with pressure, whereas
the Eg band at 202 cm
-1 shows a marked down-shift (to
196 cm-1 at 9.0 GPa). All band shifts seemed to occur
nearly linearly with pressure, i.e., there was no any clear
indication of a hypothetical phase transformation. For the
main m3(SiO4) zircon band, pressure-induced upshifts (d~m/
dP) of 5.4–5.9 cm-1 GPa-1 were calculated for the five
samples. These values are slightly higher than the vibra-
tional mode shift of 4.8 ± 0.2 cm-1 GPa-1 determined by
Knittle and Williams (1993).
More importantly, we found that the FWHM of the
m3(SiO4) zircon band does not change significantly with
pressure. There is an indication for slight FWHM increase
in the case of non- or mildly radiation-damaged zircon (i.e.,
synthetic ZrSiO4, perhaps also M144), whereas the FWHM
seems to decrease at elevated pressures in the case of
strongly radiation-damaged samples (G168, OR1). Note
that different trends for pressure increase and pressure
release were not observed; samples yielded the same Raman
parameters within analytical uncertainties before and after
having been subjected to high pressures. This is in apparent
contrast to the high-pressure study of Knittle and Williams
(1993), who detected notable band broadening of zircon
after their experiments. However, they applied much higher
pressures up to 37 GPa, which seem to have caused some
permanent structural damage. Further, our observations do
not seem to be consistent with results of a recent study of
Trachenko et al. (2007), who reported a final *5% volume
reduction of radiation-amorphized zircon after being com-
pressed to 9 GPa and subsequent pressure release, and that a
phase transformation had occurred in the 4.5–9 GPa range.
The apparently different observations, however, may be due
to the different materials, as Trachenko et al. (2007) studied
fully amorphized ZrSiO4, whereas our samples showed
much lower levels of radiation damage.
The slight band broadening observed from synthetic
ZrSiO4 might perhaps be assigned to a potential effect of
quasi-hydrostaticity as originating from the solid argon
medium for pressures above 0.9 GPa. However, the reason
of the slight FWHM decrease of G168 and OR1 still
remains unclear. One possible explanation might be given
by considering the different molar volumes and differential
compressibilities of the radiation-damaged domains in
comparison to the non-damaged host lattice. Assuming the
amorphous domains to exhibit a large molar volume and a
Fig. 2 Raman spectral changes of zircon as induced by pressure: a
Plot of the width of the m3(SiO4) Raman band against pressure, b Plot
of the spectral position of this band against width. Trends of changes
with pressure (dotted lines are visual guides) deviate significantly
from the trend of spectral changes as caused by the accumulation of
radiation damage (gray square symbols and dashed arrow)
600 Phys Chem Minerals (2008) 35:597–602
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smaller bulk modulus for volume compression, the volume
strain at the interface between radiation-damaged areas and
the host lattice must get reduced on increasing pressures
due to smaller volume differences at higher pressures.
Accordingly, the FWHM of any spectroscopic signal that
is sensitive to strain must get reduced. Increasing non-
hydrostaticity at quasi-hydrostatic conditions and this sort
of volume–strain reduction at increasing pressure appear
to be two competitive effects for the development of the
FWHMs related to the radiation damage in zircon. Any
consideration of pressure-induced recovery of the radiation
damage appears unlikely, in view of the fact that FWHMs
decreased non-permanently and recovered to initial values
after pressure release. Reliable interpretation of the
observed slight FWHM changes with pressure will require
further studies. Such studies should also attempt to address
the question as to which degree compressive strain acting
on included zircon grains (most likely up to a few GPa, or
below) might have affected their self-irradiation and, with
that, the long-term processes of damage generation and
recovery.
All FWHM changes of natural zircon samples, however,
are mainly within errors. This is also demonstrated in
Fig. 2b: accumulation of alpha-event damage results in
substantial FWHM increase, accompanied by rather mod-
erate down-shift of this band, whereas pressure increase
results in considerably different trends of spectral changes.
These observations suggest that the FWHM of the m3(SiO4)
Raman band is indicative of the degree of self-irradiation
but insignificantly affected by pressure acting on the
zircon.
This result has important implications. It has been
speculated (Wang et al. 2006; Wanthanachaisaeng et al.
2006) as to which degree the radiation damage present in
zircon inclusions in high-pressure metamorphic minerals
can be evaluated based on FWHMs determined from in situ
Raman measurements, or whether elevated pressure acting
on inclusions needs to be considered as potential cause of
further FWHM changes. The latter suspicion was based on
the well-known fact that heterogeneous pressure release of
high-pressure host-inclusion couples upon sample uplift
may result in significant compressive strain (also referred
to as ‘‘fossilized pressure’’ or ‘‘overpressure’’) acting on the
inclusion, which may be as high as 2–3 GPa (Parkinson
and Katayama 1999; Sobolev et al. 2000; Glinnemann et al.
2003). Our results suggest that such pressures have very
minor effect on the widths of internal SiO4 Raman modes.
This makes it possible to estimate the degree of radiation
damage from the FWHM of the m3(SiO4) zircon band,
almost independent from whether or not analyzed inclu-
sions are affected by pressure. It is clear, however, that
such estimates of the radiation damage of zircon inclusions
will be affected with slightly higher uncertainty compared
to analogous estimates for unstressed bulk samples. The
only major restriction is that such estimates should not be
made if strongly asymmetric Raman bands, or even over-
lapping pairs of bands, are observed (see above). The latter
would be indicative for lattice strain due to strongly non-
hydrostatic stress conditions, perhaps along with some
strain gradient within the analyzed material volume, which
is likely to result in apparently too broad bands. In contrast,
broadened symmetric Raman bands are a reliable indicator
of accumulated radiation damage in zircon.
This result will, for instance, allow gemmologists to use
zircon inclusions in evaluating specimens with regard to
the common practice of heat treatment to enhance color
and clarity. It is well known that radiation damage in zircon
is annealed after heat-treatment at 1,000–1,200C partly or
completely, depending on the degree of damage and the
duration of the treatment (Zhang et al. 2000; Nasdala et al.
2002b). The detection of radiation damage in zircon
inclusions, indicated by strong band broadening, therefore
allows one to exclude any heat treatment above this tem-
perature range.
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The phenomenon of deﬁcient electron microprobe analyses, with sums of analyzed constituents often below 95 wt%, is
assigned to the analysis of altered, porous minerals. With the example of three zircon populations we show that low totals
are related to textural features (i.e., numerous pores of tens to hundreds of nanometers size) as well as to the chemical com-
position (i.e., water content well within the wt% range, which may aﬀect partial sample degradation under the electron beam).
The formation of the spongy texture is explained by the alteration of a previously radiation-damaged and, thus, volume-
expanded material in a ﬂuid-driven replacement reaction. The smaller volume of the reaction product (crystalline, non vol-
ume-expanded zircon) accounts for the formation of numerous voids and pores, which are perfect candidates for the incor-
poration of water. The alteration has also resulted in uptake of non-formula elements such as Al, P, Ca, Fe, Y, and REEs
whereas Si and Zr are depleted. In one case, strong uptake of non-radiogenic Pb in altered zircon was observed. Because por-
ous, low-total zircon has formed in secondary alteration process, its occurrence can be considered as an indicator of a sec-
ondary alteration history of the host rock. Low-total zircon is easily recognized by very low electron back-scatter
intensities, which are closely related to the two main causes of the analytical shortfall (i.e., water content and porosity)
and often lowered furthermore by the presence of light non-formula elements (especially P and Fe) up to the wt% range.
 2008 Elsevier Ltd. All rights reserved.1. INTRODUCTION
It has commonly been reported that electron microprobe
analyses of radiation-damaged accessory minerals may
yield analytical totals that are signiﬁcantly below
100 wt%, in some cases even well below 90 wt% (e.g.,
Medenbach, 1976; Speer, 1982; To¨rnroos, 1985; Pointer
et al., 1988a; Smith et al., 1991; Fo¨rster, 1998; Mathieu
et al., 2001). Such deﬁcient totals were, for instance, ob-0016-7037/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.gca.2008.12.010
* Corresponding author. Fax: +43 1 4277 9532.
E-mail address: lutz.nasdala@univie.ac.at (L. Nasdala).served for minerals of the zircon-thorite orthosilicate group
(zircon, ZrSiO4; coﬃnite, USiO4; thorite, ThSiO4) and
orthophosphates (CePO4–YPO4). However, the majority
of such analyses have been reported for zircon.
Causes of the deﬁcient microprobe results are still under
debate. Low analytical totals have mostly been ascribed to
elevated concentrations of molecular water and/or hydro-
xyl groups (e.g., To¨rnroos, 1985; Smith et al., 1991; Geisler
et al., 2003a). Correspondingly, the variation of analytical
sums from 100 wt% was sometimes assigned to a hypothet-
ical ‘‘H2O*” (e.g., Johan and Johan, 2005; Utsunomiya
et al., 2007). This, however, appears to be somewhat
questionable, as the assignment is based on an assumption
1638 L. Nasdala et al. /Geochimica et Cosmochimica Acta 73 (2009) 1637–1650without analytical veriﬁcation. Also, calculated H2O* val-
ues of as high as 18.4 wt% (Johan and Johan, 2005) would
imply that the water content of that particular zircon sam-
ple has exceeded 50 mol%, which appears unlikely. Rubin
et al. (1989) suggested that hydrous species may contribute
to low totals not only because they are not analyzed in the
electron microprobe but also by causing mineral degrada-
tion under the electron beam. Breiter et al. (2006) con-
cluded that low totals cannot solely be explained by the
presence of water but might also be due to ﬂuorine and
other elements not analyzed. Other interpretations include
the presence of sub-lm-sized voids (Pointer et al., 1988b)
and structural vacancies (Kempe et al., 2000). Pe´rez-Soba
et al. (2007) proposed that the presence of notable quanti-
ties of divalent (such as Ca, Fe) and trivalent cations (such
as rare earth elements) in low-total zircon may be accompa-
nied, and charge-compensated, by oxygen defects, which
also contribute to analytical deﬁciencies.
Interestingly, there is an accompanying phenomenon:
Low totals were always detected in interior regions of zircon
crystals that appeared notably darker in back-scattered elec-
tron (BSE) images than neighbouring regions of the same
crystal (Peterman et al., 1986; Pointer et al., 1988b; Smith
et al., 1991; Kempe et al., 2000; Willner et al., 2003). As
above, the causes of the anomalously low BSE intensity have
remained controversial. In the present study, we have inves-
tigated three zircon samples with deﬁcient electron micro-
probe totals. Apart from chemical analyses and imaging by
electron microprobe, the structural and micro-textural state
of samples was studied using transmission electron micros-
copy (TEM) and micro-spectroscopic techniques. With this
present study we tried to address both the low totals and
the ‘‘unusual” BSE intensities. We aim to contribute to the
understanding of the physical causes of the deﬁcient totals
and unusually low BSE intensities as well as the formation
of zircon samples exhibiting these phenomena.
2. SAMPLES AND PREPARATION
We have investigated three populations of zircon grains
that frequently have low analytical totals. The ﬁrst sample
consists of late Archaean (age 2.65 Ga) zircon crystals
(>500 lm fraction) from a late monzogranite (Sample No.
W64), which has intruded tonalitic gneisses at the southern
rim of the Jack Hills in the northern Yilgarn Craton, Wes-
tern Australia (for geological setting and geochronology see
Pidgeon and Wilde, 1998). A second population of zircon
grains (80–120 lm fraction) was separated from an upper
Riphean (Sample No. 32) and a middle Riphean sandstone
(Sample No. 40), located about 100 km southwest of the
city of Beloretsk (southern Ural; for more details see Will-
ner et al., 2003). These authors reported notably discordant
207Pb/206Pb zircon ages compatible with crystallization in
the age range 1.8–2.3 Ga. The third group of zircon crystals
(Sample No. 87165; <250 lm fraction) comes from a
Hercynian, coarse-grained leucogranite of the La Pedriza
pluton in the Spanish Central System batholith, located
about 50 km north–northwest of the city of Madrid (Pe´r-
ez-Soba et al., 2007). Pe´rez-Soba (1992) reported a Rb-Sr
isochron age of 307 ± 3 Ma for the La Pedriza pluton.For comparison, ‘‘regular” zircon crystals (i.e., those
with ‘‘normal” BSE intensities and analytical totals close
to 100 wt%) were also subjected to electron microprobe
imaging. These samples included primary zoned, unaltered
zircon crystals from a granite in the Jack Hills, Western
Australia (Sample No. W34, courtesy of R.T. Pidgeon;
for details and age see Pidgeon, 1992), zircon grains from
a monzonite near the city of Freital, Meissen massif, Sax-
ony, Germany (Sample No. Frei 10, courtesy of T. Wenzel;
for details see Wenzel et al., 1997; Nasdala et al., 1999), zir-
con grains from a charnockite-granite near the village of
Kliprand, Namaqualand, South Africa (Sample No.
Nam12, courtesy of A. Mo¨ller; for geological setting see
Robb et al., 1999), and zircon crystals from a leucogranite
north of the village of Dannemora, Adirondack Mountains,
New York State (Sample No. JHADK996, courtesy of J.M.
Hanchar; for rock description see McLelland et al., 2001).
Zircon grains were embedded in araldite epoxy, ground
to about half of their thicknesses to expose their internal
textures, and polished. In the case of the Jack Hills zircon
crystals, which are considerably larger in size than individ-
ual grains from the other localities, doubly polished thin
sections (30 lm thickness) attached to a glass slide were
produced. Mounts were coated with carbon prior to elec-
tron microprobe imaging and analysis. For TEM analysis,
site-speciﬁc TEM foils (sizes 10 lm, ﬁnal thicknesses
0.1 lm) were cut out of the above sample mounts using
a FEI FIB200 (for details of the focused ion beam tech-
nique see Wirth, 2004). For Sensitive High mass-Resolution
Ion MicroProbe (SHRIMP) analysis of the isotopic compo-
sition, ﬂat, polished sample mounts containing unknowns
and the CZ3 reference zircon (Pidgeon et al., 1994) were
prepared and coated with gold. For transmission infrared
absorption analyses of La Pedriza zircon crystals, doubly
polished plates (thickness 30 lm) parallel to the crystallo-
graphic c-axis were produced from single crystals and at-
tached to an aluminium sample holder with a rectangular
hole (40–180 lm size). Raman analyses were done on the
electron microprobe and ion microprobe mounts after
repolishing. However, analyses were placed at least
10 lm away from the EMPA and SHRIMP spots, respec-
tively, to avoid biased results due to potential structural
changes caused by the electron or ion beam.
3. EXPERIMENTAL TECHNIQUES
Analysis of the chemical composition, and back-scat-
tered electron (BSE), secondary electrons (SE), and
cathodoluminescence (CL) imaging to visualize internal
textures of crystals, were done using a JEOL 8900 RL elec-
tron probe microanalyser (EPMA). The BSE and CL
images were obtained at 20 kV and 20 nA. Chemical analy-
ses were done with the EPMA operated at 20 kV and a
beam current of 80 nA. The electron beam was either fo-
cused to a 2 lm spot, or defocused (15 lm spot diameter).
The calibrant materials included synthetic ZrSiO4 (for Zr,
Si), HfSiO4 (for Hf), MgO (for Mg), Al2O3 (for Al), Y-Al
garnet (for Y), REE-CAS glasses (for REE; rare earth ele-
ments), ThSiO4 (for Th), and UO2 (for U); and natural apa-
tite (for P), wollastonite (for Ca), rhodonite (for Mn), and
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(peak) and 2  5 s (lower and upper background) for the
Ka line of Si, and 300 s (peak) and 2  150 s (backgrounds)
for the Ma lines of U and Th. Data were reduced using the
CITZAF routine in the JEOL software, which is based on
the U(qZ) correction method (Armstrong, 1991, 1995).
Oxygen was, as it is usual in silicate mineral analysis
with the electron microprobe, calculated by stoichiometry.
However, to check whether this has caused uncertainties
(e.g., due to diﬀerent oxidation states of the cations or the
presence of water), it was appropriate to actually analyze
oxygen. A number of samples were analyzed again includ-
ing wavelength-dispersive X-ray analysis of oxygen. Oxy-
gen measurements were performed using a W-Si
multilayer detector (LDE1) with 2d-spacing of 60 A˚ (see
Armstrong, 1988; Rybka and Wolf, 1995). Operating con-
ditions were 20 kV and 20 nA beam current measured at
the Faraday cup. Synthetic ZrSiO4 was used as the oxygen
calibrant. Calibrants and samples were simultaneously
coated with carbon (note that due to the high mass-absorp-
tion coeﬃcient of carbon on O-Ka X-rays, uniform coating
thickness of reference and sample is crucial for reliable oxy-
gen measurements in the EMPA). Counting times for O-Ka
were 30 s (peak) and 2  15 s (lower and upper back-
ground). Multiple measurements (n = 12) of the synthetic
ZrSiO4 yielded 1r uncertainties of 0.011 (O), 0.004 (Si),
and 0.008 (Zr) per formula unit (based on a total of six ions
per formula unit).
Analyses of U and Th concentrations and the Pb isoto-
pic composition were made on a SHRIMP II at Curtin Uni-
versity of Technology, Perth. This system is operated by a
consortium consisting of Curtin University, the University
of Western Australia, and the Geological Survey of Wes-
tern Australia. A primary, mass-ﬁltered (O2)
 beam
(1 nA) was focused to a 10 lm spot to sputter the sam-
ple surface. Data for each spot were collected in sets of
eight scans through the mass range of Zr2O
+, 204Pb+, back-
ground, 206Pb+, 207Pb+, 208Pb+, 238U+, 248ThO+, and
254UO+. For more experimental details see De Laeter and
Kennedy (1998). Data were calibrated versus the CZ3 refer-
ence zircon (Pidgeon et al., 1994). The correction for com-
mon Pb was made from the observed 204Pb count rate.
Transmission electron microscopy was performed at
Helmholtz–Zentrum Potsdam, using a FEI Tecnai G2 F20
X-Twin system operated at a voltage of 200 kV. The beam
current was 0.5 nA. The TEM analytical work included en-
ergy-dispersive chemical analyses, electron diﬀraction, elec-
tron energy loss spectroscopy (EELS), and bright ﬁeld, high
angle annular dark ﬁeld (HAADF), and high-resolution
electron microscopy (HREM) imaging.
Infrared (IR) absorption spectroscopy (transmission
mode) was done with a Bruker Tensor 27 Fourier-trans-
form infrared (FTIR) system equipped with Hyperion
microscope. Spectra were recorded in the transmission
mode, in the range 600–7000 cm1. The spectral resolution
was 2 cm1. Pairs of spectra were obtained with the E vec-
tor of the infrared light oriented parallel and perpendicular
to the crystallographic c-axis. Raman spectra were obtained
in quasi back-scattering geometry using an edge-ﬁlter based
Renishaw RM1000 system equipped with Leica DMLMoptical microscope. The Leica 50 objective was used,
and the system was operated in quasi-confocal mode;
resulting in a lateral resolution of 4–5 lm. The spectral
resolution was determined at 2.2 cm1. Spectra were excited
with the 632.8 nm emission of a He–Ne laser (8 mW at the
sample surface).
4. GENERAL CHARACTERIZATION OF LOW-
TOTAL ZIRCON
4.1. Chemical composition
A range of images of zircon crystals showing their inter-
nal textures is presented in Fig. 1a–g. Results of electron
microprobe analyses are listed in Tables 1–3. All samples
yielded, at least in some of their interior regions, analytical
totals that were signiﬁcantly deﬁcient, i.e., in the range 91–
97 wt%. In samples W64 (Jack Hills) and 32/40 (Ural) these
interior regions are rather small whereas zircon crystals
from sample 87165 (La Pedriza) were commonly found to
be entirely aﬀected by the phenomenon of low totals.
Low analytical totals were always detected in micro-areas
characterized by very low BSE contrast (Fig. 1a–g); this
observation will be discussed in more detail below.
In general, all samples are rich in actinides and contain
comparably high levels of non-formula elements. Low-total
areas in all samples contain higher levels of light elements
(i.e., especially P and Fe, also Al, Ca; Table 1) as well as
Y and some of the REEs, compared to neighbouring, un-al-
tered areas of the same crystals. In contrast, heavy non-for-
mula elements including Hf, Th, and U did not show such
general trend. For instance, U and Th were found to be
higher (Ural) and lower (Jack Hills), respectively, in the al-
tered, low-BSE areas than in neighbouring unaltered areas.
The main elements Si and Zr are considerably depleted in
low-total areas.
Results presented in Table 1 are tainted with the impor-
tant uncertainty that deﬁcient totals are oxide sums which
are not based on oxide analysis but merely cation analysis,
with oxygen being calculated according to the concentra-
tion and valence of the cations. In order to get more reliable
information, some samples were analyzed including the
wavelength-dispersive analysis of oxygen (Table 2). Analo-
gous to the routine electron microprobe analysis, oxygen
was calculated from the observed cations (equivalent O in
Table 2). These values were generally lower than measured
O concentrations, with diﬀerences (excess O in Table 2) up
to as high as 7.8 wt%. We assign the excess oxygen, at least
for a signiﬁcant part, to water (see below); excess oxygen
values were therefore transformed to hypothetical water
(H2O*) concentrations (Table 2). The calculated excess O
(Fig. 2) and H2O* values (Table 2) show inverse correlation
with Zr (and substitutes) and Si (and substitutes), respec-
tively. This seems to support earlier hypotheses according
to which low-total zircon was assumed to be notably hy-
drous. However, calculated analytical totals considering
H2O*, for altered, low-BSE zircon, are still slightly (sample
87165) to strongly deﬁcient (sample W64). We interpret the
still deﬁcient totals to indicate that water alone may be
insuﬃcient to explain the analytical shortfall.
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the fact that the impact of the electron beam is likely to
cause dewatering and local disintegration of hydrous,
low-total zircon. Aiming to check for such eﬀects, analyses
of crystal W64-11 were done with diﬀerent energy densities900 950 1000 1050 1100
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may have experienced local dewatering when analyzed reg-
ularly with a fully focused beam.
4.2. Pb isotope composition
In SHRIMP analyses of the Pb isotopic composition of
zircon crystals from sample 87165 (La Pedriza) we found
that bright-BSE areas are virtually free of non-radiogenic
(i.e., common) Pb whereas porous, low-BSE areas contain
signiﬁcantly more common lead, with f206 values up to
10% (Table 3, Fig. 3). This is consistent with previous
observations that zircon virtually excludes Pb in primary
magmatic or metamorphic growth. The majority of Pb in
zircon is normally implanted, resulting from the decay of
unstable parent nuclei in the U and Th chains. In contrast,
common Pb is mostly in the ppb range (e.g., Krogh, 1993;
Wiedenbeck et al., 1995). We determined common Pb con-
centrations of 100–250 ppm for porous, low-BSE areas in
crystals from sample 87165 (Table 3).
Natural zircon with such high, and even higher, concen-
trations of common Pb have been studied before. All of
these samples were found to be aﬀected by secondary alter-
ation processes (for instance, see Corfu, 1987; Mathieu
et al., 2001) whereas, to the best of our knowledge, en-
hanced common Pb has never been observed in primary,
unaltered zircon. From experiments to synthesize Pb-bear-
ing zircon, Watson et al. (1997) concluded that P may
charge-balance Pb2+ in zircon. This seems to be supported
by our results, as enhanced common Pb is associated with
high P concentrations (Table 3). However, variation of
the P content in the La Pedriza zircon is rather moderate,
in view of the extensive variations of common Pb, whereas
the Ural samples did not contain notable quantities of com-
mon Pb (Willner et al., 2003) but occasional very high P
(Table 1). This suggests that the presence of P (or, alterna-
tively, H+; Watson et al., 1997) can be associated with, but
is not suﬃcient to allow for incorporation of Pb into zircon.
Our results and previous results indicate that the enhanced
occurrence of common Pb is limited to zircon aﬀected by
secondary, ﬂuid-driven alteration. This is perhaps explained
by the strong trend that more Pb is incorporated in a wet
than a dry environment, and normally low abundances of
Pb in natural environments from which primary zirconFig. 1. (overleaf) Compilation of images, photomicrographs, and Rama
‘‘regular” zircon crystals (h–k). (a) BSE image and cross-polarized light ph
total regions (red arrows) showhigher birefringence. (b) BSEandCL image
arrows. (c) BSE image of a heterogeneous zircon crystal from the La Pedriz
(arrow) are particularly lowly intense in BSE; large euhedral xenotime inclu
La Pedriza pluton with numerous xenotime inclusions. Low totals were m
from the south-western Urals (cf. Willner et al., 2003) with a large alterati
spectra of another zircon from the SWUrals. Small patches yielding low to
‘‘regular” host (B). (g) BSE and CL image of a zircon grain from the SWUr
and CL. (h) BSE, CL, and cross-polarized light image of a zoned zircon cr
zone (bright interference colours) has the darkest BSE and bright CL. (i) B
massif, Germany. (j) BSE and CL image and twoRaman spectra of a zircon
are bright in the BSE image (B) are strongly radiation-damagedwhereas les
image of a zircon from the Adirondack Mountains, New York state. USA
intensities.
3grows whereas altering ﬂuids are likely to bring more Pb
into the system. This eﬀect is in addition probably inversely
correlated with temperature (Watson et al., 1997).
4.3. The incorporation of hydrous species
To check our and previous assumptions that low-total
zircon is hydrated, analysis of hydrous species was ﬁrst
done by EELS spectra obtained in the TEM. A shoulder
near 528 eV at the oxygen K-edge (Fig. 4a) is characteris-
tic of OH/H2O (Wirth, 1997), which points to hydration of
samples. However, both the assignment to either hydroxyl
or molecular water and the quantiﬁcation of the hydrous
species from the EELS band integral are still problematic
(Wirth, 1997). Therefore we applied IR absorption spec-
troscopy as a complimentary technique. Due to the rather
limited spatial resolution of IR when compared to EELS,
infrared spectroscopy can only be used if samples show
the phenomenon of deﬁcient totals over relatively large
areas (i.e., several tens of lm across). This is the case for
some crystals from sample no. 87165 (Fig. 1d).
Spectra (Fig. 4b) show the intense, asymmetric O–H
band without notable directional dependence that is typical
of strongly radiation-damaged zircon (Caruba et al., 1985;
Aines and Rossman, 1986; Nasdala et al., 2001b; Zhang
et al., 2002). The assignment of this band, i.e., discriminat-
ing between either (OH) groups or H2O molecules, is still
controversial. The integrated area of the O–H band (or
more exactly, of the stretching fundamentals of hydroxyl
groups and/or water molecules) in IR absorption spectra
can be used to quantify the concentration of the hydrous
species in unknown crystals. Using the equations of Lib-
owitzky and Rossman (1996, 1997), remarkably uniform
‘‘water” concentrations in the range 5.0-6.8 wt% were deter-
mined for six La Pedriza zircon crystals. The accuracy of
these IR-based ‘‘water” values, however, is tainted with
uncertainty: Nasdala et al. (2001b) found that in the case
of radiation-damaged zircon, ‘‘water” concentrations deter-
mined from IR band intensities may diﬀer appreciably from
those determined by thermogravimetry (weight loss on
heating) and moisture evolution analysis. The above
‘‘water” concentrations are hence only considered to indi-
cate ‘‘semi-quantitatively” that hydrous species in the
wt% range are present.n spectra (stacked) of zircon crystals yielding low totals (a–g) and
otograph of a zoned zircon crystal from the Jack Hills granite. Low-
of a large zircon from the JackHills. Low-total areas aremarkedwith
a granite, Spain (cf. Pe´rez-Soba et al., 2007). Areas yielding low totals
sions appear bright. (d) BSE andCL image of another zircon from the
easured in all areas of this zircon. (e) Zircon grain from a sandstone
on patch that yielded low totals (arrow). (f) BSE image and Raman
tals (A) are darker in the BSE and more radiation damaged than the
als. Small interior regions yielding low totals (arrows) are low in BSE
ystal from the Jack Hills granite, Western Australia. The crystalline
SE and CL image of a zircon grain from a monzonite in the Meissen
grain from a charnockite-granite, Namaqualand, R.S.A. Areas that
s damaged areas (A) are rathermoderately damaged. (k) BSE andCL
note that in all four cases (h–k) BSE and CL images show inverse
Table 1
Analytical results for zircon samples: BSE, electron microprobe data including calculated alpha doses, and Raman data.
Area/spot No.a BSEb Electron microprobe results (wt%) a dose (1018/g) FWHMc (cm1)
Al2O3 SiO2 P2O5 CaO FeO Y2O3 ZrO2 Tb2O3 Dy2O3 Ho2O3 Er2O3 Tm2O3 Yb2O3 Lu2O3 HfO2 ThO2 UO2 Total
Sample W64: Jack Hills. Western Australia (Archaean)
W64–10a 5 dk. 0.24 30.3 0.19 0.95 0.20 0.39 60.6 (bdl) 0.22 (bdl) 0.27 (bdl) 0.07 (bdl) 1.34 0.21 0.78 95.9 85 (>30)
W64–10b 5 reg. 0.19 31.9 0.12 0.76 0.25 0.38 62.5 (bdl) 0.05 (bdl) 0.20 (bdl) 0.07 (bdl) 1.31 0.31 0.92 99.1 102 (>30)
W64–6a 5 dk. 0.81 28.3 0.86 0.62 7.24 3.47 47.2 (bdl) 0.19 (bdl) 0.36 (bdl) 0.27 (bdl) 1.67 0.07 0.34 91.7 37 (>30)
W64–6b 4 reg. 0.13 32.0 0.10 0.82 0.35 0.36 62.3 (bdl) 0.05 (bdl) 0.19 (bdl) 0.08 (bdl) 1.73 0.08 0.87 99.2 92 (>30)
Samples 32 and 40: Southwest Urals (Riphean)
32–3–3a 2 dk. 0.52 25.9 1.93 0.57 0.51 2.53 62.6 0.07 0.43 (bdl) 0.20 (bdl) 0.21 0.07 1.31 0.03 0.15 97.0 11 22.5–25.0
32–3–3b 2 reg. (bdl) 32.3 0.18 (bdl) (bdl) 0.10 67.2 (bdl) (bdl) (bdl) (bdl) (bdl) (bdl) (bdl) 1.50 (bdl) 0.05 101.4 3.7 14.4–15.5
32–3–9a 6 dk. 0.60 28.4 2.44 0.64 0.51 2.41 58.8 0.05 0.42 (bdl) 0.23 (bdl) 0.25 (bdl) 1.63 0.03 0.14 96.6 10 24.0–27.5
32–3–9b 6 reg. (bdl) 32.8 0.13 (bdl) (bdl) 0.11 66.4 (bdl) (bdl) (bdl) (bdl) (bdl) (bdl) (bdl) 1.57 (bdl) 0.03 101.2 2.3 21.1–22.0
40–10–3a 2 dk. 0.83 30.0 1.30 0.42 0.56 1.73 59.5 (bdl) 0.28 0.11 0.15 (bdl) 0.17 (bdl) 1.15 0.17 0.14 96.6 8.7 26.9
40–10–3b 2 reg. (bdl) 33.2 0.16 (bdl) 0.05 0.25 66.0 (bdl) (bdl) (bdl) 0.09 (bdl) 0.08 (bdl) 1.36 (bdl) 0.10 101.3 5.1 18.7
40–8–2a 3 dk. 0.56 30.0 0.82 0.36 0.36 1.38 60.6 (bdl) 0.21 (bdl) 0.15 (bdl) 0.15 (bdl) 1.28 0.15 0.15 96.2 9.0 22.2–24.0
40–8–2b 3 reg. 0.21 32.5 0.15 0.10 0.12 0.39 65.6 (bdl) 0.06 (bdl) 0.07 (bdl) 0.06 (bdl) 1.37 0.07 0.07 100.9 4.2 12.5–13.3
Sample 87165: La Pedriza. Spain (Hercynian)
87165–1a 3 dk. 0.75 27.3 1.54 1.43 1.03 2.19 54.4 (bdl) 0.29 (bdl) 0.27 (bdl) 0.51 0.09 2.22 0.27 1.72 94.1 16 (>30)
87165–1b 3 dk. 0.04 30.1 0.97 0.21 0.65 0.96 58.7 (bdl) 0.23 (bdl) 0.16 (bdl) 0.44 0.09 3.90 0.09 0.78 97.3 7.2 (>30)
87165–10a 3 dk. 0.49 27.4 1.96 1.19 0.50 2.52 56.0 (bdl) 0.34 (bdl) 0.36 (bdl) 0.58 0.11 2.07 0.35 1.80 95.7 17 (>30)
87165–10b 3 dk. (bdl) 29.2 1.11 0.41 0.51 1.57 57.2 (bdl) 0.37 (bdl) 0.32 0.06 0.66 0.14 4.00 0.14 1.05 96.8 9.8 (>30)
Average detection limit* 0.04 0.08 0.06 0.03 0.06 0.09 0.13 0.04 0.04 0.10 0.05 0.06 0.06 0.06 0.04 0.03 0.03
bdl = not detected, or average below the detection limit quoted in the bottom row.
a Number of single analyses per interior region.
b BSE: reg. = regular high intensity, med. = medium, dk. = dark (i.e., unusually low intensity).
c Full width at half maximum of the m3(SiO4) Raman band of zircon.
* Average detection limit (wt% oxide, 2r error by counting statistics of the background signal).
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Table 2
Electron microprobe analyses of selected zircon samples including oxygen analysis.
Area/spot Spota (lm) No.b BSEc Measured electron microprobe data (wt%) Calculated values (wt%)d
O Al Si P Ca Fe Y Zr Yb Hf Th U Total O equ. O exc. H2O
* Total
Sample W64: Jack Hills. Western Australia
W64–11a 2 3 reg. 35.6 0.11 15.0 0.04 0.71 0.38 0.35 45.0 0.11 1.63 0.09 1.02 100.1 34.0 1.6 1.8 100.3
W64–11a 15 3 reg. 35.4 0.04 15.0 0.03 0.44 0.28 0.21 45.8 0.07 1.77 0.04 0.56 99.7 34.0 1.5 1.6 99.9
W64–11b 2 3 dk. 35.1 0.39 13.3 0.39 0.46 3.73 2.96 34.5 0.27 1.68 0.25 0.31 93.3 30.6 4.5 5.0 93.9
W64–11b 15 3 dk. 38.1 0.55 13.1 0.43 0.46 3.15 3.31 34.0 0.33 1.57 0.19 0.42 95.6 30.3 7.8 8.8 96.6
Sample 87165: La Pedriza. Spain
87165–12a 2 2 dk. 36.5 0.31 13.1 0.62 0.94 0.36 1.82 40.2 0.48 1.87 0.24 1.60 98.0 31.7 4.8 5.4 98.6
87165–12b 2 2 reg. 36.9 (bdl) 13.7 0.61 0.22 0.33 1.58 40.8 0.54 3.50 0.18 0.96 99.3 32.1 4.8 5.3 99.9
Synthetic reference
ZrSiO4 2 12 – 35.0 (bdl) 15.3 (bdl) (bdl) (bdl) (bdl) 49.7 (bdl) (bdl) (bdl) (bdl) 100.1 34.9 0.1 0.1 100.1
Average detection limit* 0.11 0.01 0.02 0.01 0.01 0.01 0.03 0.06 0.03 0.02 0.01 0.01
bdl = not detected, or average below the detection limit quoted in the bottom row.
a Diameter of the electron beam focal spot.
b Number of single analyses.
c BSE: reg. = regular intensity, dk. = dark (i.e., unusually low intensity).
d O equ. = ‘‘equivalent” oxygen content calculated according to the content and valence of cations (Fe assumed to be Fe2+, U assumed to be
U4+), O exc. = ‘‘excess” oxygen (measured O minus O equ.), H2O
* = hypothetical water content calculated from O exc., Total = analytical
sum assigning the excess oxygen to H2O.
* Average detection limit (wt%, 2r error by counting statistics of the background signal).
Deﬁcient EMPA totals of altered zircon 1643Hydrous species with concentrations of several wt%, or
even higher, has, to the best of our knowledge, never been
observed for unaltered zircon, which typically contains up
to a few tenths of wt% H2O (e.g., Woodhead et al., 1991;
Nasdala et al., 2001b). Altered zircon, in contrast, is obvi-
ously able to store much higher amounts of water. Our
IR spectra did not allow us to distinguish unambiguously
between hydroxyl groups and water molecules. The near
IR range above 4000 cm1 (where potential combination
modes involving OH and/or H2O vibrations are expected)
was diﬃcult to interpret, perhaps due to the simultaneous
detection of electronic absorption bands in this range (com-
pare Nasdala et al., 2001b; Zhang et al., 2002). Even though
there is no clear analytical evidence, we assign the ‘‘water”
in altered, hydrous zircon to molecular H2O, rather than to
(OH) groups, for two reasons. First, Mumpton and Roy
(1961) found that analyses of hydrated zircon plot in the
SiO2–ZrO2–H2O triangle generally near the ZrSiO4–H2O
line, but not along the ZrSiO4–Zr(OH)4 line (the latter
should be the case if hydroxyl groups were the dominant
hydrous species). Second, zircon analyses with ‘‘water” con-
tent as high as 14 wt% (Smith et al., 1991) and 16 wt%
(Coleman and Erd, 1961) have been reported. If these
amounts of ‘‘water” was present as hydroxyl groups, these
zircon samples must have contained about 40 mol%
Zr(OH)4 (disregarding the presence of a hypothetical silicon
hydrate). This is most unlikely and inconsistent with the
other analytical values reported by above authors.
4.4. Structural state and sub-lm texture
To quantify the (theoretical) self-irradiation dose, time-
integrated alpha ﬂuences were calculated using the equation
of Murakami et al. (1991). Calculated values (Table 1) are>2  1018 alpha events per gram, a value that is suﬃcient to
cause signiﬁcant damage of the crystal structure: Note that
1019 alpha-events per gram are suﬃcient to transform
tetragonal ZrSiO4 into an amorphous state (Zhang et al.,
2000; Nasdala et al., 2002).
It is, however, well known that self-irradiation since the
time of crystal growth on the one hand, and the presently
observed degree of structural damage on the other hand,
do not correlate in many cases (Meldrum et al., 1998; Nasd-
ala et al., 2001a). This is due to that fact that the accumu-
lation of structural radiation damage is strongly controlled
by temperature and hence by the post-growth thermal his-
tory of the sample. To quantify the present radiation dam-
age, Raman micro-spectroscopy was employed (Nasdala
et al., 1995). For this, we evaluated the FWHM (full width
at half maximum) of the internal m3(SiO4) vibrational mode
(Table 1). This parameter increases from <2 cm1 for crys-
talline zircon to >30 cm1 in the case of severely radiation-
damaged zircon. Our samples are generally characterized
by moderate to strong radiation damage (FWHMs gener-
ally >12 cm1; Table 1). Zircon crystals from samples
W64 (Jack Hills) and 87165 (La Pedriza) yielded spectra
in which the Raman signal of the remnant crystalline frac-
tion was extremely broadened (estimated FWHM
>30 cm1); reliable band ﬁtting was impossible due to very
low band intensities in these cases. Such extensive Raman
band broadening points to elevated radiation damage, with
amorphous fractions well above 90 vol% (Nasdala et al.,
2003). Strong radiation damage is also indicated by the very
low birefringence of these samples (Holland and Gottfried,
1955; note the grey interference colours in Fig. 1a) and the
strong broadening and virtual lack of any orientational
dependence of O–H bands in the IR spectra (Fig. 4b). In
spite of generally high degrees of present damage, most
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1644 L. Nasdala et al. /Geochimica et Cosmochimica Acta 73 (2009) 1637–1650samples are still notably less metamict than would be ex-
pected from their calculated self-irradiation doses. For in-
stance, Jack Hills and La Pedriza zircon crystals should
be fully amorphous if all of the predicted radiation damage
was present (see very high alpha doses in Table 1); this was
not observed. This observation points to a recrystallization
or thermal annealing event in the post-growth history of
samples.
Elevated levels of metamictization, but not complete
amorphization, was also observed in the TEM. Electron
diﬀraction patterns of all samples appeared at least some-
what blurred, in some cases even with a polycrystalline
appearance (Fig. 5a), which also points to a secondary
recrystallization process. More importantly, bright ﬁeld
and HAADF images of zircon samples showed a spongy
texture, with numerous pores being several hundred nano-
metres or smaller in size (Figs. 5b and c). This sub-lm-scale
texture corresponds to what had already been proposed by
Pointer et al. (1988b), namely, the occurrence of a signiﬁ-
cant volume fraction of sub-lm-sized voids in low-total
zircon.
It is well known that in the electron microprobe analysis
of porous materials, in comparison to fully dense analogs,
there is always a signiﬁcant deﬁcit of emitted X-rays. This
deﬁcit leads to apparent deﬁciencies of analysis sums when
routine EPMA correction procedures are employed (Lakis
et al., 1992). Tretyakov et al. (1998) assigned the X-ray
emission deﬁcit to charge trapping eﬀects caused by the
insulating character of the material. Sorbier et al. (2000)
found that porous, in contrast to dense Al2O3 yielded deﬁ-
cient analytical totals, and assigned this to a combination of
charge trapping and geometrical eﬀects of the porosity. Sor-
bier et al. (2004) proposed that surface roughness and en-
ergy loss at interfaces inside porous samples may also
contribute to the analytical shortfall. The porosity of our
samples is therefore interpreted as the main cause of the ob-
served analytical shortfall. In addition, the numerous pores
are considered to be perfect candidates for the incorpora-
tion of water. We have discussed above that the high water
contents of several wt% of the low-total zircon, calculated
indirectly from oxygen measurements (Table 2) and esti-
mated from IR absorption intensities, contribute also to
the analytical shortfall of these zircon crystals.5. UNUSUALLY LOW BSE OF THE LOW-TOTAL
ZIRCON
It is well known (e.g., see Corfu et al., 2003; and ref-
erences therein) that most natural zircon crystals are
characterized by inversely correlated BSE and CL inten-
sities, i.e., micro-areas that are brightest in BSE are nor-
mally particularly low in CL, and vice versa. Four
examples of the ‘‘normal” inverse behaviour of BSE
and CL in zircon are shown in Fig. 1h–k. Note that mi-
cro-areas with elevated levels of accumulated self-irradia-
tion damage, which can easily be recognized from their
lowered interference colours (Fig. 1h) or broadening of
vibrational bands (Fig. 1j), always yield enhanced BSE
intensity and lowered CL when compared to neighbour-
ing, less radiation-damaged areas.
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Fig. 2. Excess oxygen (diﬀerence between measured O, and calculated O equivalent to contents and valences of cations), plotted versus sums
of intermediately sized (a) and small (b) cations per formula unit (cf. data presented in Table 2). Excess oxygen, which is mainly assigned to the
incorporation of water, correlates inversely with cation deﬁciencies.
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dark BSE area:
common Pb ~250 ppm
(f 206 9.8 %)
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common Pb 1 ppm
(f 206 <0.1 %)
≤
Fig. 3. Heavily altered, generally U-rich zircon grain from La
Pedriza (crystal 87165–3; BSE image) with large xenotime inclusion
(bright). Note that altered, micro-porous areas (dark grey BSE) are
enriched in common Pb whereas the bright gray BSE area (centre)
is virtually free of non-radiogenic lead (f206 = common 206Pb/total
206Pb, calculated from the observed 204Pb).
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Fig. 4. (a) Electron energy loss spectrum of a low-total area in a
zircon from the Jack Hills, Western Australia. The oxygen K edge
shows a shoulder at 529 eV, which indicates the presence (of
rather moderate amounts) of hydroxyl or water (compare Wirth,
1997). (b) Oriented IR absorption spectra of a low-total zircon
from the La Pedriza pluton, Spain, show large amounts (estimated
6.6 wt%) of hydrous species. Spectra are shown with vertical oﬀset
for more clarity.
Deﬁcient EMPA totals of altered zircon 1645The inverse behaviour of BSE and CL is explained by
the consideration that chemical variations (i.e., Z contrast;
Hall and Lloyd, 1981) have only minor eﬀects on the BSE
of regular zircon (Nasdala et al., 2006) whereas both BSE
and CL of zircon are strongly aﬀected by radiation damage.
The CL decreases upon self-irradiation of zircon (for in-
stance caused by the enhancement of non-radiative transi-
tions in the disturbed electronic band structure) and can
easily be recovered through annealing (Nasdala et al.,
2002). The BSE intensity, in contrast, increases upon dam-
age accumulation. Structural disorder results in an increase
of the fraction of back-scattered electrons and their rem-
nant energy, which is commonly referred to as electron
channelling contrast (see for instance Mitchell and Day,
1646 L. Nasdala et al. /Geochimica et Cosmochimica Acta 73 (2009) 1637–16501998). The strong correlation of zircon BSE intensity with
the degree of accumulated radiation damage, without nota-
ble Z contrast, has been demonstrated in an annealing study
(Nasdala et al., 2006). The eﬃciency of structural damage
in increasing the back-scattering of electrons was recently
reconﬁrmed by ion implantation experiments (Nasdala
et al., 2007).
Zircon crystals aﬀected by the phenomenon of low to-
tals, however, generally deviate from the ‘‘normal” inverse
correlation of BSE and CL intensities (see pairs of images in
Figs. 1b and g; see also Kempe et al., 2000). Deﬁcient elec-
tron microprobe totals were obtained in micro-areas that
showed very low BSE and CL intensity. Low-total zircon
areas are virtually non-luminescent. In some CL images
these areas appear even darker than the surrounding, lowly
luminescent araldite epoxy (see Figs. 1b and d). Their gen-
erally low CL intensities are explained by (i) moderate to
strong levels of radiation damage (compare Nasdala
et al., 2002) and (ii) the presence of notable quantities of hy-
drous species in the low-total areas, which is known to low-
er the CL emission of solids (e.g., Gutzov and Peneva,
1995). In contrast, observed very low BSE intensity of
low-total areas appear to be in apparent contrast to the
moderate to strong radiation damage of these areas (com-
pare Raman FWHMs in Table 1). See, for instance, zirconFig. 5. Transmission electron microscopy images of low-total interior reg
corresponding electron diﬀraction patterns. Two darker areas (A) are mo
polycrystalline (crystal size in the nanometer-range) matrix with pronoun
zircon from the SW Urals, showing numerous sub-micrometer sized por#40-8-2 (Fig. 1f): Even though the low-total area (marked
‘‘A”) is signiﬁcantly more radiation damaged than the unal-
tered host zircon, which should normally have resulted in
brighter BSE, the BSE of this area is much lower than that
of the surrounding zircon (marked ‘‘B” in Fig. 1f).
The low BSE intensity of low-total areas is ﬁrst assigned
to Z contrast (Hall and Lloyd, 1981; see also Smith et al.,
1991; Geisler et al., 2003b): Our samples show much stron-
ger chemical variations and hence stronger Z variations
than ‘‘regular” zircon. However, the BSE of the low-total
areas was often described as ‘‘anomalously” low (see
Kempe et al., 2000; and references therein). Pointer et al.
(1988b) argued that the BSE of low-total areas in zircon
crystals from Ririwai, Nigeria, was much too dark to be ex-
plained by their chemical composition alone. These authors
explained the dark BSE by the presence of sub-microscopic
voids. They argued that because large voids and textural
holes appear dark in BSE images, numerous small voids
in surﬁcial regions of an imaged sample are also likely to
lower the detected BSE. Our results therefore suggest that
the very low BSE of the low-total zircon is due to a combi-
nation of reasons, involving chemical composition (i.e.,
lower Z) and textural features (i.e., porosity).
These eﬀects on zircon BSE also allow us to understand
the non-uniform appearance of electron microprobe spotsions. (a) Bright ﬁeld image of a zircon from the Jack Hills, with two
derately distorted single-crystals, which are embedded in a brighter,
ced porous texture (B). (b) HAADF image obtained from a detrital
es. (c) HREM image of one pore.
Deﬁcient EMPA totals of altered zircon 1647in BSE images. In the case of ‘‘regular” zircon, electron
microprobe analysis points are normally visible as slightly
darkened spots in BSE images. This is explained by the en-
hanced electron back-scattering of radiation-damaged sol-
ids and the fact that the energy impact of the electron
beam during the analysis causes partial structural recovery
(Nasdala et al., 2003). In BSE images of low-total zircon, in
contrast, microprobe spots are notably brighter than their
surrounding area (for instance, see Fig. 2c in Smith et al,
1991). This may perhaps be assigned to dewatering (Z in-
crease) resulting from the electron microprobe analysis.
6. FORMATION OF LOW-TOTAL ZIRCON BY
FLUID-DRIVEN ALTERATION
All samples showed the phenomenon of deﬁcient analyt-
ical totals in interior regions that are interpreted as being
aﬀected by secondary alteration. Our assignment is based
on the textural position of low-total areas (see areas marked
with red arrows in Figs. 1a–g) and the results of chemical
analyses (Tables 1–3). Also, low-total areas contain inclu-
sions of minerals that are typically formed during zircon
alteration. For instance, large xenotime inclusions in the
La Pedriza zircon (Fig. 1c and d) might be an alteration
product, although Pe´rez-Soba et al. (2007) interpreted them
as co-crystallised with zircon in a late-magmatic environ-
ment. Low-total areas are enriched in (predominantly light)
non-formula elements (such as P, Al, Y, Fe; also Ca, Yb,
somme of the REEs; Tables 1–3) that are typically incorpo-
rated in secondary alteration processes rather than during
primary zircon growth (e.g., Geisler et al., 2003a; see Table
1). This may either be due to elevated incorporation of non-
formula elements into zircon in a low-temperature, hydro-
thermal overprint, or the presence of unrecognised, sub-mi-
cron sized additional phases. The latter is perhaps indicated
by correlating Y and P concentrations in sample 87165
(pointing to xenotime inclusions; Tables 1–3) and the
unusually high Fe content of area W64-6a (pointing to a
Fe-phase; Table 1).
All of our observations seem to concur very well with
previous observations, as low totals were always reported
from altered zircon (e.g., Pointer et al., 1988b; Smith
et al., 1991). Irber et al. (1997) and Pe´rez-Soba et al.
(2007) stated that zircon samples yielding deﬁcient analyti-
cal totals are typically characterized by non-stoichiometric
composition. These authors interpreted this as the result
of secondary alteration that was likely accompanied by
hydration. In contrast, the phenomenon of deﬁcient analyt-
ical totals has, to the best of our knowledge, never been ob-
served in primary, unaltered zircon. The conclusion that the
formation of low-total zircon must be related to a second-
ary, ﬂuid-driven alteration process is further supported by
the observation of deﬁcient microprobe totals after the
experimental hydrothermal alteration of zircon (Geisler
et al, 2003b).
All of the low-total areas found in the present study ap-
peared porous at high magniﬁcation, which is an indicator
of a ﬂuid-driven replacement reaction (compare Putnis,
2002; Putnis et al., 2007) rather than a diﬀusional alteration
process. This assignment is also supported by the observa-tion of sharp boundaries between unaltered and altered
areas (Fig. 1e–g), which mark the locations where the chem-
ical alteration along a slowly progressing reaction front had
stopped. In contrast, a diﬀusive ion exchange process
should have resulted in rather diﬀuse boundaries of alter-
ation patches. However, no ﬂuid inclusions were found un-
der the optical microscope. Putnis (2002) stated that even if
a mineral phase with a higher molar volume than that of its
starting material is formed in a ﬂuid-driven replacement
reaction, the newly formed phase is always porous. An
example is the replacement of leucite by analcime (with
the latter having a larger molar volume; Putnis et al.,
2007). This indicates that such replacement processes are
likely to have a negative mass balance, i.e., there is some
loss of material taken away by the transporting ﬂuid. In
our case, radiation-damaged (and hence volume expanded;
Holland and Gottfried, 1955) zircon is replaced by newly
formed and thus non-expanded zircon. It is likely that the
somewhat negative mass balance of the replacement reac-
tion, along with the smaller volume of the newly formed zir-
con, results in a particularly clear volume decrease. This
ﬁnally results in the formation of a texture with particularly
high porosity.
The numerous pores perfectly support the incorporation
of water. This could either already occur during the replace-
ment reaction; the ingression of the transporting ﬂuid might
then result in a slow-down of the reaction. Water incorpo-
ration could also have occurred at a signiﬁcantly later stage,
after self-irradiation and heterogeneous expansion has ta-
ken place again.7. CONCLUSIONS
Deﬁcient analytical totals of zircon were always found in
altered samples that show extensive porosity. Numerous
sub-lm-sized voids in the analyzed material aﬀect the
EMPA analyses, for instance by increasing the penetration
of the primary electron beam into the sample, increasing the
absorption of generated X-ray quanta, and charging eﬀects.
In addition, water seems to have a signiﬁcant additional ef-
fect. In contrast to primary, un-altered zircon, porous al-
tered zircon formed in a ﬂuid-driven replacement reaction
may be virtually ‘‘wet”, with water concentrations well in
the wt% range. This water obviously contributes to the sig-
niﬁcant analytical shortfall for two reasons. First, hydrous
zircon is likely to dehydrate and disintegrate under the elec-
tron beam. Second, water remains mainly non-analyzed in
the electron microprobe. The latter is potentially true for
other elements non-analyzed in the electron microprobe,
such as Li and F.
The very low BSE intensity of the low-total zircon is clo-
sely related to the analytical shortfall; it is assigned to a
combination of textural eﬀects and chemical composition.
First, the presence of numerous sub-micrometer sized voids
(Fig. 5; note that not necessarily all of them are being
‘‘ﬁlled” with water) lowers the electron back-scattering.
Second, the incorporation of light elemental species (espe-
cially hydrous species, P, and Fe) on the order of several
wt% results in a clear Z decrease.
1648 L. Nasdala et al. /Geochimica et Cosmochimica Acta 73 (2009) 1637–1650The formation of low-total zircon (and most probably
also of other actinide-bearing, accessory minerals yielding
deﬁcient totals) is related to the metamictization process.
However, low totals cannot solely be assigned to radiation
damage alone. Accumulation of self-irradiation damage
does not result in low totals; even heavily damaged (i.e.,
nearly amorphized) but unaltered zircon yielded ‘‘normal”
analytical totals close to 100 wt% (e.g., Murakami et al.,
1991; Zhang et al., 2000; Nasdala et al., 2002). The forma-
tion of zircon yielding deﬁcient totals and very low BSE re-
quires alteration of previously radiation-damaged zircon in
a ﬂuid-driven replacement reaction that results in volume
loss and thus the formation of a spongy, perhaps hydrated
material, and subsequent hydration. The observation of
deﬁcient electron microprobe totals, accompanied by very
low BSE intensities resulting in a deviation from the regular
inverse correlation of BSE and CL, in unknown zircon crys-
tals may therefore be considered an indicator for a second-
ary alteration history.
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Zircon
Radiation damage
Uranium retentionMesoproterozoic (~1050 Ma; Stenian) zircon crystals from the Saranac Prospect, Bancroft, Ontario, contain up
to ~1 wt.%U and ~0.15 wt.% Th and, correspondingly, they are for themost part extensively radiation-damaged
(calculated total α-doses 2.3−35.3×1018/g). The crystals show textures of complex, intense chemical
alteration that is attributed to multiple, low-T replacement events along ﬂuid-controlled reaction fronts.
Centers of crystals appear totally replaced; the primary zoning is virtually erased and the material has high
porosity and numerous inclusions. Interior regions surrounding the central reworked areas still exhibit
primary igneous-type zoning; in those regions the alteration emanates from fractures and then follows the
more radiation-damaged growth zones. Altered areas are typically recognized by their high porosity, low BSE
intensity, and deﬁcient analytical totals. Those regions often have lost a signiﬁcant fraction of their radiogenic
Pb. They are in general somewhat depleted in Zr, Si, andU, and are notably enriched in Ca and Fe. Elementmaps
reveal elevated concentrations of Al and Y within ﬁlled fractures. Our observations indicate that the ﬂuid-
driven ion exchange is mainly controlled by the accessibility of micro-areas with elevated levels of radiation
damage to transporting ﬂuids via “fast pathways”. Most importantly, there is apparent Zr−Si−U equilibrium
between initially existing and newly formed zircon. The retention of U after the chemical replacement (94±
14% relative to the original U content in the respective zones) does not signiﬁcantly fall below the retention of
two major cations Zr (95±4%) and Si (95±2%). In spite of the partially extreme hydrothermal alteration
overprinting, the original U zoning in the crystals is well preserved. These observations suggest that
preferential chemical leaching of U from zircon is clearly not a general feature of this mineral. This in turn
seems to question the general validity of hydrothermal experiments to low-T, ﬂuid-driven alteration of zircon
in geological environments. The observed apparent immobility of U may affect the interpretation of U−Pb
discordance in zircon, and the performance assessment of this mineral as potential waste form for actinides.36–2008), who made several
adiometric dating of zircon, in
echniques. Thomas Krogh had
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Zircon (ZrSiO4; I41/amd) is a common accessory phase in many
rocks. This mineral is remarkably resistant against dissolution or
chemical alteration over a wide range of geological environments and
P−T conditions. Zircon normally incorporates, apart from Hf, low
levels of non-formula elements. In particular, Pb is typically excluded
in primary growth (Krogh, 1993) whereas radiogenic Pb, produced
and “implanted” by radioactive decay of trace amounts of U and Th, is
retained over billions of years as a result of the extremely low volumediffusion rate of Pb in zircon (Cherniak and Watson, 2001, 2003).
Because of these extraordinary properties, zircon has been historically
the mineral of choice for U−Th−Pb geochronology (e.g., Davis et al.,
2003; and references therein).
The intrinsic physical properties and the chemical resistance of
zircon, however, are dramatically affected by the accumulation of
structural radiation damage, which is primarily produced by heavy
recoil nuclei, and to amuch lesser extent by the alpha particles ejected
during the decay process, in alpha-decay events (Ewing, 1994; Weber
et al., 1994, 1998; Nasdala et al., 2001). In the past two decades, zircon
has also been proposed as a potential repository mineral for the long-
term disposal of spent nuclear fuel and dismantled nuclear weapons
(Ewing, 1999, 2001; Lumpkin, 2006). The performance assessment of
zircon, and other U- and Th-bearing accessory minerals, as future host
ceramic material for the long-term storage and isolation of heavy
radionuclides therefore requires knowledge of irradiation effects, the
accompanying changes of physical properties, and the response ofrcon: An example from Bancroft, Ontario, Chemical
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ARTICLE IN PRESSvariably radiation-damaged solids to changes of P and T. Research
addressing these, and related questions, can be subdivided into three
major groups: (i) studies of radiation effects and alteration processes
in well-characterized natural samples, including their behavior in
annealing and hydrothermal experiments; (ii) analogous studies of
synthetic ceramic compounds doped with short-lived alpha emitters
(e.g., 238Pu, 237Np, etc.), or samples that were irradiation-damaged
through ion implantation in the laboratory; and (iii) theoretical ab
initio studies and predictions such as molecular dynamics calculations
(e.g., Ewing, 2001; Ewing et al., 2003).
The present study belongs to the ﬁrst group. Thorough evaluation
of natural alteration processes and their resulting effects add to the
knowledge on the chemical and physical stability of variably radiation-
damaged accessoryminerals in a low-Thydrothermal environment over
extended geologic periods of time. It is well known that the behavior
of zircon under such conditions may vary appreciably. First, this is
controlled to a large extent by the amount of accumulated radiation
damage,which in turn is directly related to the initial U and Th contents,
and the respective distribution of those elements within the zircon
structure. However, even though the dissolution kinetics of zircon is
enhanced as radiation damage accumulates in the crystal structure,
radiation damage itself does not cause elemental losses but merely
increases their probability (Davis and Krogh, 2000). The second major
control of the chemical andphysical stability of zircon is the thermal and
potentially the chemical and physical alteration history; in the latter
case especially the geochemical environment in which the zircon
resided. Even the treatment of zirconwith high purity watermay result
in the notable loss of both Pb and U (Hansen and Friderichsen, 1989).
In contrast, secondary Pb loss was insigniﬁcant in zircon that spent
geologic periods immersed in connate water at moderately elevated T
(Gentry et al., 1982); conditions expected in a nuclear repository.
Caruba et al. (1974) summarized that zirconhas awide stability in acidic
solutions whereas the chemical stability is notably lowered in alkaline
environments. Also, hydrothermal experiments yielded variable results.
Pidgeon et al. (1966) and Shukolyukov et al. (1994) observed that
hydrothermal treatment of zircon resulted in notable Pb loss but
insigniﬁcant U loss. Sinha et al. (1992) obtained similar results (e.g.,
strong Pb loss andmoderate U loss); however, only upon hydrothermal
treatment of zircon with 2% HNO3 solution whereas Pb and U were
almost equally depleted after treatment in a 2 M NaCl solution.
Preferential U loss from zircon was also reported by Prasad and Naidu
(1971), Tole (1985), Mattinson (1994, 2005), and Geisler et al. (2002,
2003b). Rizvanova et al. (2000) observed that U gain and large Pb losses
(connected with zircon decomposition) resulted from experiments in
which the zircon crystals were subjected to a 1 M NaOH solution. In
contrast, treatment in 1 M NaCl solution was found to result in Pb and
especially U loss by these authors. These diverse results may suggest
that in undertaking such hydrothermal experiments, more care should
be taken to select experimental conditions (especially the compositions
of the ﬂuids doing the alteration) that are relevant to natural
environments. In the present study, we report results in the changes
of the elemental and U−Pb isotopic compositions of a natural, highly
radiation-damaged zircon sample that hasundergoneextremechemical
and physical alteration.
2. Materials and methods
The zircon sample investigated in this study, consisting of six large
zircon single-crystals, was obtained from the late Dr. Thomas E. Krogh
in 1997. The crystals came from the Saranac Prospect (also referred to
as Saranac Property in some reports; see Satterly (1957), Bancroft
District, Ontario, Canada. They originate from a thorite–zircon-rich
albite leucogranite, a granite pegmatite, or associated skarn rocks
enriched in zircon and thorite (Satterly, 1957).
Microprobe mounts were produced by cutting crystals along the
crystallographic c-axis and embedding them (together with ionPlease cite this article as: Nasdala, L., et al., Retention of uranium in com
Geology (2009), doi:10.1016/j.chemgeo.2009.10.004microprobe calibration standards) in araldite epoxy. Crystals were
then ground and polished to their centers, to reveal internal textures
of the crystals. For optical microscopy, doubly-polished thin sections
attached to a glass slide, with thicknesses of ~30 μm, were prepared.
Prior to electron microprobe and ion microprobe analysis, sample
mounts were coated with carbon or gold, respectively.
Internal textures were inspected under an optical microscope, in
plane-polarized and cross-polarized transmitted light. This technique
wasalsoused todetermine thebirefringence,whosedecrease is a reliable
estimate of the accumulated radiation damage (Morgan and Auer, 1941;
Sahama, 1981; Chakoumakos et al., 1987). The degree of structural
damage was also estimated from the broadening of the ν3(SiO4)
Raman band (Nasdala et al., 1995). Raman spectra were obtained by
means of a confocalHoriba JobinYvon LabRamHR800 spectrometerwith
632.8 nm He–Ne excitation. More experimental details are reported
elsewhere (Nasdala et al., 2005). Band ﬁtting and determination of the
full width at half-maximum (FWHM) were done assuming Lorentzian–
Gaussian band shapes. The mathematical correction of FWHMs for the
experimental broadening (i.e., apparatus function) has been discussed in
detail by Nasdala et al. (2001).
Back-scattered electron (BSE) images, and wavelength-dispersive
X-ray analyses of the chemical composition, including element
distribution maps, were obtained with a JEOL JXA-8500F electron
probe micro-analyzer (EPMA) equipped with a thermal ﬁeld emission
electron gun. For individual spot analyses, the accelerating voltage
was set to 15 kV and the beam current used was 20 nA. The electron
beamwas focused to a <0.1 μm spot. Calibration standards used were
well-characterized natural and synthetic materials including zircon
(Si, Zr), corundum (Al), hematite (Fe), vanadinite (Pb), phosphates
(P, Y, Yb), HfO2 (Hf), and metals (U, Th). The CITZAF routine in the
JEOL software, which is based on the Φ(ρZ) method (Armstrong,
1995), was used for data processing. Element distribution maps,
consisting of 250×200 pixels with inter-distances of 0.2−0.5 μm,
were obtained with an accelerating voltage of 6−15 kV, a beam
current of 10−40 nA, and a dwell time of 1−1.5 s/pixel. For more
details see Keller et al. (2008).
Analyses of the U−Th−Pb isotopic composition were done using a
SHRIMP II at Curtin University of Technology, Perth. The zircon surface
was sputtered with a primary, mass-ﬁltered (O2)− beam with ~1 nA
current, focused to a ~10 µm spot. The mass resolution, M/ΔM, was
better than 5000. For more experimental details see De Laeter and
Kennedy (1998). To avoid mixed results due to the ion beam having
straddled both unaltered and altered volumes, analysis spots were
located carefully within the different regions, and only regions that
appeared either fully unaltered or completely altered on a scale of at
least 20−30 μmwere analyzed in the SHRIMP. Results were calibrated
against M257, a 561.3 Ma old reference zircon (Nasdala et al., 2008).
Common Pb was assumed to have a Broken Hill Pb composition and
was corrected for using the 204Pb method (Compston et al., 1984).
Data reduction was done using the 238U decay constant of Jaffey et al.
(1971; 1.55125×10−10) and the revised 235U decay constant of
Schoene et al. (2006; 9.8569×10−10). The Excel-based program Squid
(Ludwig, 2002) was used for data processing. Data were plotted using
the Isoplot program (Ludwig, 2003).
3. Results and discussion
3.1. Textural patterns of secondary alteration
Transmitted light photomicrographs of typical zircon crystals
from the Saranac Prospect are shown in Figs. 1 and 2a and b, and
representative BSE images are presented in Figs. 2c−f and 3. The
zircon crystals range in size from several millimeters to approximately
1 cm, are dark brown in color, and have well-formed, euhedral
prismatic shapes. In some of the grains, large inclusions of K-feldspar
and/or α-quartz are present (e.g., left crystal in Fig. 1a).plexly altered zircon: An example from Bancroft, Ontario, Chemical
Fig. 1. Photomicrograph (transmitted, cross-polarized light) of two large, heterogeneous zircon crystals from the Saranac Prospect prepared as 30 μm thin section (a), and close-up of
the sharp boundary between the macro-porous and zoned interior regions (b).
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two main textural varieties (Fig. 1). First, a large majority of the
interiors of the zircon crystals show growth zoning (often referred to
as oscillatory zoning) that is characteristic of primary zircon growth in
an igneous (Connelly, 2000; Hoskin, 2000; Corfu et al., 2003) or
metasomatic environment (Smith et al., 1991). Second, there are
extended regions, mostly close to the centers of crystals, in which the
primary zoning for the most part has been obliterated. These regions
show rather chaotic textural patterns and are rich in inclusions and
both sub-micrometer sized andmacroscopic pore spaces; the latter up
to a few tens of micrometers in size (Fig. 3). We will refer to the two
textural types as “zoned” and “macro-porous”. Zoned and macro-
porous zircon regions were observed, though with moderate varia-
tions of their volume fractions (estimated ranges are 30−70 vol.%
each), in all six crystals studied.
The zoned regions in the zircon crystals are highly fractured, with
a radial pattern (Fig. 2a−c) that we assign to differential volume
expansion of neighboring zones with differing degrees of radiation
damage (Peterman et al., 1986; Chakoumakos et al., 1987; Lee and
Tromp, 1995; Nasdala et al., 1999; Sláma et al., 2008). There is no
indication of hydraulic fracturing in these zircon crystals (cf. Rimša
et al., 2007).
The zoned zircon is extensively altered, indicated by a signiﬁcant
volume fraction of areaswith notably lower BSE intensities (Fig. 2c−f).
The boundary of the altered patches to their neighboring high-BSE
areas is always sharp, reﬂecting a two-dimensional, ﬂuid-driven
alteration reaction front (cf. Geisler et al., 2003b; Labotka et al., 2004;
Putnis et al., 2007; Pöml et al., 2007). In contrast, a gradual or tran-
sitional change in the BSE intensity would indicate a diffusional
alteration reaction process; this is not observed. The altered, low-BSE
micro-areas are located along fractures (Fig. 2c−e) or along the
growth zoning (Fig. 2c, e, f).
The macro-porous zircon is characterized predominantly by very
low BSE intensities (Fig. 3). Both the very low BSE intensities along
with extensive porosity (e.g., Nasdala et al., 2009), and the apparent
obliteration of the primary growth zoning, suggest that the macro-
porous zircon has experienced extreme alteration, most probably
through a ﬂuid-driven replacement reaction process. The altered
nature of the macro-porous zircon is indicated as well by the presence
of numerous inclusions of phases that are typically not present in
primary zircon (cf. Corfu et al., 2003; Johan and Johan, 2005; Breiter et
al., 2006). The macro-porous zircon is especially rich in inclusions of
high-BSE phases such as uranium oxide, uranium and thorium
silicates, lead sulﬁde, and an unidentiﬁed yttrium silicate phase.
Less abundant low-BSE inclusions include SiO2, K-feldspar, and rarely
apatite.Please cite this article as: Nasdala, L., et al., Retention of uranium in com
Geology (2009), doi:10.1016/j.chemgeo.2009.10.004There is often a sharp, well-deﬁned boundary between the two
textural types (Fig. 1b), however, in some cases a gradual transition
may also be observed. The sharp boundary follows in some cases the
growth zoning whereas in other cases it does not. These observations
seem to exclude that the zoned zircon overgrew the macro-porous
zircon; rather the two textural types seem to represent different
alteration products of the same primary zircon material.
3.2. Chemical changes during alteration
Electron microprobe analyses of the chemical composition of the
zircon crystals studied are presented in Table 1. Analytical results vary
appreciably, with a conspicuous correlation between the BSE intensity
and the EPMA results.
Within the zoned zircon, most low-BSE areas have deﬁcient
analytical totals in the 94−98 wt.% oxide range. These areas are
notably depleted in SiO2 and ZrO2 whereas there are elevated levels of
non-formula chemical elements including CaO (up to 3.1 wt.%), FeO
(up to 0.7 wt.%), and in some cases Al2O3. High-BSE areas, in contrast,
yielded rather “regular” stoichiometric SiO2 and ZrO2 values, almost
no Ca, Fe, and Al, and much less deﬁcient analytical totals (typically,
98−100 wt.%). The non-formula constituents HfO2, UO2, and Y2O3
were detected in all areas, and they do not show any direct correlation
with the BSE intensity. The strong variations of these elements among
the eleven growth zones (labeled A−K in Table 1), however, suggest
primary compositional zoning. All other non-formula elements were
mostly close to, or below, the detection limit.
Similar results were obtained from the macro-porous zircon,
though with a weaker correlation with the BSE intensity. The
depletions in SiO2 and ZrO2 correlate with deﬁciencies in analytical
totals and the BSE intensity. Higher-BSE regions have analytical totals
between 97−98 wt.%, and low-BSE regions between 92−97 wt.%,
(Table 1). Similar to the zoned zircon, CaO (1.7−3.8 wt.%) and FeO
(0.4−0.8 wt.%) are clearly enriched in low-BSE areas of the macro-
porous zircon but mostly not detected in high-BSE areas. As noted
above, all other non-formula elements do not correlate with the BSE
intensity.
Note that deﬁcient analysis sums do not necessarily suggest the
presence of a hydrous phase; even though the analytical shortfall of
zircon EPMA analyses was sometimes assigned to a hypothetical “H2O*”
(e.g., Johan and Johan, 2005; Utsunomiya et al., 2007). Deﬁcient totals,
obtained for non-hydrous, porous solids (Lakis et al., 1992; Sorbier et al.,
2004), are explained by charge trapping, pore geometry variation, and
losses of X-rayquanta at interfaces. In the case of hydrothermally altered
zircon, porosity (Figs. 2f and 3) is especially common because of
radiation-damaged and hence volume-expanded zircon being replacedplexly altered zircon: An example from Bancroft, Ontario, Chemical
Fig. 2. Images of the zoned zircon. Series of cross-polarized (a) and plane-polarized (b) transmitted light photomicrographs and BSE image (c) of a partially altered region. Alteredmicro-
areas that emanate from fractures have a ﬁnger-like appearance, are virtually de-colored, and show enhanced birefringence and darker BSE intensity compared to neighboring areas of
the same growth zones. (d) BSE image showing alteration emanating from large fractures. (e) BSE image of an intensely altered area. Alteration had followed the primary growth zoning.
(f) Close-up showing that the primary zoning is still preserved in the altered material (dark BSE), which is characterized by sub-micrometer range porosity (center of image).
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ARTICLE IN PRESSby crystalline zircon (Nasdala et al., 2009). Deﬁcient totals, and the
accompanying effect of very low BSE intensities in such areas (Figs. 2
and 3; cf. Pointer et al., 1988; Smith et al., 1991; Nasdala et al., 2009) are,
therefore, strong indicators of secondary alteration.
Non-formula elements such as Ca, Al, and Fe (in contrast to Hf and
the actinides U and Th) are normally excluded during primary zircon
growth whereas they are typically observed in chemically altered
zircon (Törnroos, 1985; Smith et al., 1991; Geisler et al., 2003a; Pérez-
Soba et al., 2007). Those results are conﬁrmed by EPMA analyses,
which yielded elevated Ca and Fe concentrations only in the altered,Please cite this article as: Nasdala, L., et al., Retention of uranium in com
Geology (2009), doi:10.1016/j.chemgeo.2009.10.004low-BSE micro-areas adjacent to the primary zoned zircon regions.
Phosphorous, however, which is also a common constituent in altered
zircon (e.g., Mathieu et al., 2001; Tomaschek et al., 2003; Utsunomiya
et al., 2007; Van Lichtervelde et al., 2009), was not detected in any of
the six Saranac Prospect zircon crystals that were investigated. The
results of this present study are similar to those of Krogh and Davis
(1973, 1975) who found altered zircon to be depleted in Zr and Si, and
enriched in Ca, Fe, and Al.
To study elemental changes upon alteration in more detail, high-
resolution EPMAX-ray elementmappingwas done (Fig. 4). Distributionplexly altered zircon: An example from Bancroft, Ontario, Chemical
Fig. 3. Two BSE images of the macro-porous zircon. (a) A large volume fraction of the
zircon shows dark BSE and is characterized by rather chaotic textures. This material is
rich in inclusions with high average atomic number (bright) and pores (black) with
sizes up to several tens of micrometers. (b) Close-up showing additional sub-
micrometer porosity (center of image).
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three principal groups: (i) Concentrations (or, more exactly, detected
EPMA count rates) of Zr (Fig. 4a, b), Si (not shown), Hf (not shown), and
U (Fig. 4a, b) are mainly determined by the strong primary chemical
zoning. Alteration patterns (i.e., the comparably smaller concentration
variations internal to unaltered and alteredmicro-areas) are recognized
if only the upper portions of the count rate scales are used to generate
color-coded distribution maps of these elements (e.g., Zr concentration
distributions in Fig. 4a and b; compare count rate ranges given in the
caption). The primary zoning is, though on a very low level and hence
more noisy, also seen in the Y patterns (Fig. 4a); (ii) The distribution
patterns of Ca (Fig. 4b, c) and Fe (not shown) are consistentwith the BSE
intensities andhence the locations of the alteration. These two elements
always yield high counts in altered dark BSE, and lowcounts in high-BSE
areas whereas they did not show detectable variations among primary
growth zone regions; (iii) Yttrium (Fig. 4a) and Al (Fig. 4c) show their
highest concentrations in, or near, major fractures within the altered
areas, with much lower count rates in the bulk of the altered areas. This
suggests that non-formula elements were not homogeneously incor-
porated. Rather Y and Al might be assigned to the youngest fracture
ﬁllings, possibly representing a late stage of the ion-exchange processes.
3.3. Effects of alteration on the U−Pb and Th−Pb isotopic systems
SHRIMP U−Th−Pb analysis results are listed in Table 2, along with
birefringence, Raman band broadening, and BSE intensity dataPlease cite this article as: Nasdala, L., et al., Retention of uranium in com
Geology (2009), doi:10.1016/j.chemgeo.2009.10.004characterizing the analyzed micro-areas. Homogeneous high-BSE
areas within the macro-porous zircon were too small for SHRIMP
analysis, so only low-BSE areas within the macro-porous zircon were
analyzed with the SHRIMP.
Almost one-half of the measured spots yielded highly discordant
data in the U−Pb isotopic system (Table 2). Again, there is a clear
correlationwith the observed BSE intensities, and hence the alteration
distributionwithin crystals; all low-BSE areas are normally discordant,
plotting below the Concordia in Fig. 5. A number of analyses in the
zoned zircon yielded slight (mostly within the analytical uncertainty
ofmeasurements) reverse discordance; whichmay be either real or an
analytical artifact. The SHRIMP analyses of high-uranium minerals
such as zircon,monazite, or xenotime, often yield reversely discordant
datawith an apparent excess of Pb relative toU, especially in radiation-
damaged regions in those minerals. This could be attributed to U loss
(for instance due to 234U ejection fromporous zircon; Romer, 2003) or,
less likely, to Pb gain (Williams et al., 1984). Alternatively, zircon
decomposition into oxides may result in reversely discordant U−Pb
data during SHRIMP analyses. This analytical artifact is produced by
enhanced sputtering of Pb, which is preferentially incorporated into
SiO2 relative to U, which is preferentially incorporated in ZrO2
(cf. McLaren et al. (1994). Williams and Hergt (2000) have identiﬁed
a matrix affect on SHRIMP analyses where reverse discordance is
correlated with U content in zircon with >2000 ppm U. However,
reversely discordant SHRIMP data is obviously not a general feature
of U-rich zircon: Nasdala et al. (2002) obtained generally concordant U
−Pb SHRIMP data for a highly metamict (amorphous), but unaltered,
Sri Lankan gem zircon containing ~5500 ppm of uranium.
It is most remarkable that the U−Pb data obtainedwithin the zoned
and the macro-porous zircon show the same general trend; all seem to
plot near a discordia line that intersects the Concordia at 1053±11 and
266±38 Ma [mean square weighted deviation (MSWD)=9.2]. Sepa-
rate evaluation of measurements within the two textural types yielded
intercepts at 1050±12 and 251±60 Ma (MSWD=8.0) for the zoned
and intercepts at 1058±31 and 290±62 Ma (MSWD=8.0) for the
macro-porous zircon, which are identical within error. The relevance of
the calculated lower intercept age of 266±38Ma, however, should not
be overestimated. We do not know whether the U−Pb disturbance is
due to episodic Pb loss in the Permian to Early Mesozoic, or rather
gradual young Pb leaching, or evenmultiple leaching events over a short
time period after the initial closure of the U–Pb system (cf. Ashwal et al.,
1999). There is no clear indication of recent Pb loss, as would be
expected as a result of extensive incipientweathering (e.g., Compston et
al., 1986; Black, 1987).
The nearly concordant Late Mesoproterozoic (Stenian) upper
intercept age of 1050±12 Ma of unaltered, light-BSE areas within
the zoned zircon is likely to date primary zircon growth in an igneous
environment, rather than complete U−Pb resetting. Given the slow
diffusivity of Pb and U in crystalline zircon (i.e., volume diffusion) that
does not have fast diffusion pathways, it is most unlikely that zircon
with primary igneous zoning experienced complete U−Pb resetting
at ~1050 Ma ago. The identical upper intercept age calculated within
errors for the macro-porous zircon (1058±31 Ma) is analogously
assigned to the primary zircon growth. As discussed above, the
boundary between macro-porous and zoned zircon is not always
sharp but there may be a rather gradual transition (Fig. 1a). This
seems to exclude the possibility that the macro-porous zircon
represents inherited cores that were reset at the time of the igneous
formation of the zoned zircon.
However, the age of when primary zircon was transformed into
macro-porous zircon remains unclear. The assignment of this event
appears most problematic; it can be accomplished in two ways, both
of which involve a number of open questions. First, the transformation
could also be assigned to the upper intercept age. This would indicate
that the ﬁrst alteration had occurred relatively shortly after primary
growth, and that primary and alteration ages are similar and cannotplexly altered zircon: An example from Bancroft, Ontario, Chemical
Table 1
Results of EPMA chemical analyses (wt.%).
Analysis no. Zonea BSE intensity Al2O3 SiO2 CaO FeO Y2O3 ZrO2 Yb2O3 HfO2 PbO ThO2 UO2 Total
Analyses in zoned interior regions:
1 A High (bdl) 33.6 (bdl) (bdl) (bdl) 65.1 (bdl) 0.79 0.02 0.03 0.20 100.2
2 A High (bdl) 33.6 (bdl) (bdl) 0.13 65.0 (bdl) 1.24 0.03 0.02 0.22 100.6
3 B High (bdl) 33.4 (bdl) (bdl) 0.16 64.9 (bdl) 0.88 0.04 0.03 0.35 100.2
4 B High (bdl) 32.2 (bdl) (bdl) 0.21 65.4 (bdl) 0.99 0.08 0.02 0.39 99.9
5 B Low 0.09 30.4 2.89 0.58 0.14 60.6 (bdl) 1.23 (bdl) (bdl) 0.32 96.6
6 C High (bdl) 32.0 (bdl) (bdl) 0.15 64.8 (bdl) 0.37 0.08 0.05 0.54 98.3
7 C Low 0.91 30.7 3.07 0.70 0.79 56.2 (bdl) 0.69 (bdl) 0.03 0.45 94.7
8 D High (bdl) 32.2 (bdl) (bdl) 0.24 65.1 (bdl) 1.01 0.05 0.03 0.42 99.6
9 D Low 0.12 30.2 3.10 0.60 0.22 60.1 (bdl) 0.60 (bdl) 0.03 0.32 95.6
10 E High (bdl) 32.1 (bdl) (bdl) 0.15 64.8 (bdl) 0.87 0.06 0.02 0.40 98.9
11 E Intermediate (bdl) 29.6 0.66 0.26 0.16 61.3 0.23 0.64 0.06 (bdl) 0.35 93.7
12 F High (bdl) 33.7 (bdl) (bdl) 0.14 65.1 (bdl) 0.92 0.03 (bdl) 0.20 100.4
13 F High (bdl) 32.0 (bdl) (bdl) (bdl) 65.3 (bdl) 0.88 (bdl) (bdl) 0.08 98.8
14 F High (bdl) 32.1 (bdl) (bdl) 0.08 65.1 (bdl) 0.83 0.02 (bdl) 0.08 98.6
15 F High (bdl) 32.2 (bdl) (bdl) (bdl) 64.7 (bdl) 1.35 0.05 (bdl) 0.06 98.9
16 F High (bdl) 31.9 (bdl) (bdl) (bdl) 64.5 (bdl) 1.40 (bdl) (bdl) 0.09 98.5
17 G High (bdl) 31.9 (bdl) (bdl) 0.31 64.0 (bdl) 0.84 0.10 0.08 0.72 98.4
18 G Intermediate (bdl) 31.4 0.92 0.26 0.30 62.8 (bdl) 1.65 0.19 0.09 0.85 99.2
19 H High (bdl) 31.9 (bdl) (bdl) 0.23 64.0 (bdl) 0.85 0.15 0.09 0.87 98.3
20 H Low (bdl) 30.8 1.81 0.13 0.29 62.2 0.14 0.58 0.04 0.11 1.01 98.1
21 H Low (bdl) 30.8 1.50 0.10 0.29 62.6 0.15 0.52 0.10 0.09 0.89 97.6
22 I High (bdl) 32.0 (bdl) 0.09 0.29 64.0 (bdl) 1.00 0.11 0.07 0.86 99.0
23 I Low (bdl) 30.5 2.09 0.27 0.21 61.6 (bdl) 0.43 0.04 0.07 0.86 96.3
24 J High (bdl) 31.8 (bdl) 0.09 0.38 63.4 0.23 1.32 0.21 0.16 1.17 99.3
25 J Low (bdl) 30.6 1.21 0.04 0.38 61.9 0.14 0.82 0.24 0.13 1.14 96.8
26 K High (bdl) 31.7 (bdl) 0.09 0.10 64.3 (bdl) 0.48 0.02 0.02 0.22 97.7
27 K High (bdl) 31.7 (bdl) (bdl) (bdl) 64.6 (bdl) 0.64 (bdl) (bdl) 0.22 97.5
Analyses in macro-porous interior regions:
28 − High (bdl) 31.6 0.05 0.07 0.58 62.6 0.19 1.02 0.14 0.11 0.79 97.7
29 − High (bdl) 31.6 (bdl) (bdl) 0.54 62.6 0.23 1.01 0.17 0.10 0.68 97.3
30 − Intermediate (bdl) 30.3 0.89 0.33 0.49 61.2 0.16 0.94 0.14 0.08 0.73 95.5
31 − Intermediate (bdl) 30.5 0.78 0.22 0.69 61.0 0.18 1.04 0.23 0.11 0.93 96.2
32 − Low (bdl) 30.0 3.17 0.58 0.57 58.2 0.20 1.01 0.03 0.10 0.92 95.3
33 − Low (bdl) 30.4 1.64 0.43 (bdl) 61.9 (bdl) 1.30 0.04 (bdl) 0.40 96.8
34 − Low 0.16 29.7 2.18 0.61 0.62 59.3 (bdl) 0.93 0.03 (bdl) 0.38 94.4
35 − Low (bdl) 30.3 3.55 0.75 0.58 57.7 (bdl) 1.05 (bdl) 0.08 0.80 95.7
36 − Low (bdl) 30.3 2.68 0.48 0.48 59.8 0.18 1.09 0.06 0.10 0.81 96.4
37 − Low (bdl) 30.2 3.14 0.40 0.22 59.5 (bdl) 1.05 (bdl) (bdl) 0.42 95.3
38 − Low (bdl) 30.1 2.48 0.41 (bdl) 60.4 (bdl) 0.42 (bdl) 0.02 0.55 95.3
39 − High (bdl) 31.5 (bdl) (bdl) 0.47 62.6 0.17 1.19 0.12 0.09 0.79 97.5
40 − High (bdl) 31.5 (bdl) (bdl) 0.60 62.6 0.16 0.89 0.13 0.10 0.83 97.4
41 − Intermediate 0.04 30.2 3.74 0.54 0.42 56.8 (bdl) 0.75 0.04 0.05 0.56 93.6
42 − Low (bdl) 29.9 3.34 0.54 0.10 59.0 (bdl) 0.97 0.02 (bdl) 0.55 95.1
43 − High (bdl) 31.5 (bdl) 0.04 0.17 63.3 (bdl) 1.01 0.09 0.02 0.65 96.9
44 − High (bdl) 31.4 (bdl) (bdl) 0.13 63.3 (bdl) 0.84 0.07 0.04 0.53 96.6
45 − Low (bdl) 28.7 2.66 0.38 0.71 57.0 0.25 0.83 0.06 0.13 1.01 92.5
46 − Low (bdl) 29.7 2.24 0.35 0.11 59.8 (bdl) 0.53 0.04 (bdl) 0.45 93.8
47 − Intermediate (bdl) 30.2 1.23 0.27 (bdl) 60.9 0.14 0.90 0.05 0.02 0.51 94.7
48 − Low (bdl) 30.6 3.81 0.54 0.66 57.4 0.13 1.24 0.02 0.14 1.06 96.5
49 − Intermediate (bdl) 29.7 0.64 0.15 (bdl) 60.7 (bdl) 0.53 0.07 (bdl) 0.46 93.1
50 − High (bdl) 31.3 0.06 (bdl) 0.69 61.8 0.12 1.02 0.16 0.15 0.90 96.7
51 − High (bdl) 31.8 (bdl) (bdl) 0.08 64.2 (bdl) 1.47 0.02 (bdl) 0.20 98.5
52 − Low (bdl) 30.5 3.48 0.81 0.66 57.1 0.23 0.94 0.04 0.14 1.14 95.6
53 − Intermediate (bdl) 30.3 1.28 0.28 0.24 60.8 0.14 1.19 0.12 0.02 0.68 95.7
54 − Low (bdl) 29.9 3.59 0.72 0.10 58.6 0.15 0.94 (bdl) (bdl) 0.58 95.2
Detection limitb 0.04 0.1 0.04 0.07 0.07 0.1 0.12 0.20 0.02 0.02 0.02 −
bdl=not detected, or below the detection limit quoted in the bottom row.
a Analyzed single zones within the zoned zircon have been numbered with capital letters, for better comparison of analyses belonging to the same growth zone.
b Average detection limit (wt.% oxide; 2σ error by counting statistics of the background signal).
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assigned to a younger (i.e., Phanerozoic) event, possibly related to the
(apparent) lower intercept age.
Theﬁrst interpretation above is problematic as there are no obvious
reasons for why, and how, only the central parts of crystals were
reworked and transformed into the macro-porous zircon, whereas
other parts were not and retained their primary zoning. There exists
the possibility that higher levels of incorporated trace elements,
structural defects, and perhaps syn-genetic inclusions,may havemade
the central areas to some degree more susceptible to this alterationPlease cite this article as: Nasdala, L., et al., Retention of uranium in com
Geology (2009), doi:10.1016/j.chemgeo.2009.10.004process. However, it remains doubtful why the central areas (which
were virtually encapsulated by their surrounding zones) were well
accessible to alteration ﬂuids whereas the surrounding areas them-
selves remained unaffected. Note that notable fracturing of the
surrounding zoned zircon at the time of the alteration, due to more
extensive radiation damage in the central areas (Krogh and Davis,
1975), is unlikely if the alteration occurred shortly after zircon growth:
In spite of comparably high U and Th concentrations on the order of
1 wt.% and hence high self-irradiation rates, it would take at least
several tens of millions of years to accumulate sufﬁcient radiationplexly altered zircon: An example from Bancroft, Ontario, Chemical
Fig. 4. Three series of EPMA element maps along with the corresponding BSE patterns, obtained in heavily altered areas within the zoned zircon. Color-coded count rate ranges
(given in counts per second) are: upper row (15 kV, 4×10−8 A, dwell time 1.5 s), 9880−12,262 (Zr), 2−44 (Y), 27−107 (U); middle row (15 kV, 1×10−8 A, dwell time 1 s), 3500
−4855 (Zr), 226−1333 (Ca), 5−50 (U); lower row (6 kV, 1×10−8 A, dwell time 1 s), 6−79 (Ca), 1−35 (Al).
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ARTICLE IN PRESSdamage to cause fracturing of lessmetamict zones (cf. Chakoumakos et
al., 1987; Lee and Tromp, 1995).
The second interpretation above (in which the alteration is much
younger than the upper intercept age) is also problematic as it
appears unlikely that the majority of the radiogenic Pb has been
retained during a ﬂuid-driven replacement reaction that virtually
completely erased the primary zoning during major textural rework-
ing. On the other hand, it is well known that zircon affected by
alteration processes may incorporate unusually high concentrations
of common Pb (Corfu, 1987;Mathieu et al., 2001; Nasdala et al., 2009).
We therefore cannot exclude the hypothetical possibility that the
Saranac Prospect zircon may have undergone low-T alteration
without notable loss of its radiogenic Pb. The assignment of the
formation of the macro-porous zircon to a younger event would agree
well with earlier interpretations (Krogh and Davis, 1975; rediscussed
in Lumpkin, 2001) according to which the central, reworked areas
were preferentially altered after having accumulated elevated levels
of radiation damage, by ﬂuids accessing though fractures in their
surrounding zircon zones.
Alteration within the zoned zircon is clearly controlled by the
accessibility of the alteration ﬂuids through fractures (Fig. 2c, d) that
formed by heterogeneous volume expansion resulting from hetero-
geneous self-irradiation. This second alteration process therefore
must have occurred a signiﬁcant time period after the primary zircon
growth.Please cite this article as: Nasdala, L., et al., Retention of uranium in com
Geology (2009), doi:10.1016/j.chemgeo.2009.10.0043.4. Self-irradiation damage
Most parts of the zircon crystals are characterized by remarkably
low (i.e., 1st order gray) interference colors, or optical isotropy
indicated by no interference at all (Fig. 1). Such interference colors
correspond to birefringence values in the range 0.000−0.010
(Table 2). Only a small fraction of zones within the zoned interior
region, in particular the outermost growth zones at pyramid faces
(see Fig. 1a, tip of right crystal), show 2nd order to low 3rd order
interference colors, corresponding to birefringence values of up to
~0.040. However, even the latter value is well below the
birefringence of well-crystallized zircon (0.059; Tröger, 1982). The
low birefringence is assigned to generally high levels of accumu-
lated radiation damage, which is connected with the loss of
anisotropy (cf. Morgan and Auer, 1941; Sahama, 1981; Chakouma-
kos et al., 1987).
This assignment is supported by Raman analyses of the Saranac
Prospect zircon crystals. In zoneswith thehighest interference colors, the
main internal SiO4 vibration (ν3, anti-symmetric stretching; Dawson
et al., 1971)was found to have a FWHMof 14–18 cm−1. Zones and areas
with 1st order gray interference color yielded low-intensity, asymmetric
Raman bands with FWHMs exceeding 30 cm−1 (Table 2). In zones that
did not show interference colors at all (Fig. 1a), no Raman bands of
crystalline zircon were detected; this is assigned to an almost complete
metamictization of these zones. The observed general relation betweenplexly altered zircon: An example from Bancroft, Ontario, Chemical
Table 2
Results of SHRIMP U–Pb isotopic analyses.
Sample/spot SHRIMP results α dosea (1018/g)
No. Δn FWHMb
(cm−1)
BSE U
(ppm)
Th
(ppm)
Th/
U
Pb
(ppm)
f 206c
(%)
206Pb/238U 206Pb/238U
age (Ma)
207Pb/206Pb 207Pb/206Pb
age (Ma)
Disc.d
(%)
(1053 myr) (266 myr)
Analyses in zoned interior regions:
1 <0.001 (n.d.) Low 6339 681 0.11 933 0.01 0.1549±0.0031 928±17 0.07372±0.00012 1031±3 11 24.6 5.7
2 <0.001 (n.d.) High 7585 843 0.11 1421 0.00 0.1970±0.0039 1159±21 0.07424±0.00009 1045±3 −12 29.5 6.9
3 0.001 >30 Low 5249 627 0.12 886 0.01 0.1761±0.0035 1046±19 0.07459±0.00012 1055±3 1 20.5 4.8
4 <0.001 (n.d.) High 6344 749 0.12 933 0.01 0.1825±0.0031 1081±20 0.07456±0.00011 1054±3 −3 24.7 5.8
5 0.028 27.4−30.2 High 1254 40 0.03 204 0.00 0.1742±0.0034 1035±19 0.07460±0.00028 1055±8 2 4.8 1.1
6 <0.001 (n.d.) Low 8036 915 0.11 1475 0.00 0.1927±0.0041 1136±22 0.07412±0.00019 1042±5 −10 31.3 7.3
7 0.002 >30 Low 4967 478 0.10 301 0.05 0.0644±0.0013 402±8 0.06149±0.00038 654±13 40 19.3 4.5
8 0.040 14.0−14.8 High 604 30 0.05 95 0.05 0.1671±0.0033 996±18 0.07468±0.00044 1057±12 6 2.3 0.5
9 0.003 >30 Low 4260 365 0.09 681 0.01 0.1691±0.0033 1007±18 0.07459±0.00014 1055±4 5 16.5 3.8
10 <0.001 (n.d.) Low 5835 594 0.10 802 0.02 0.1447±0.0029 871±16 0.07410±0.00007 1041±2 17 22.7 5.3
11 0.015 >30 High 1696 295 0.17 292 0.03 0.1777±0.0035 1054±19 0.07486±0.00022 1062±6 1 6.7 1.6
12 0.032 23.5−25.0 High 982 129 0.13 170 0.05 0.1807±0.0036 1071±20 0.07461±0.00028 1055±8 −2 3.8 0.9
13 0.005 >30 Low 3794 283 0.07 663 0.00 0.1854±0.0037 1096±20 0.07468±0.00013 1057±3 −4 14.6 3.4
14 0.004 >30 Low 3244 249 0.08 370 0.11 0.1083±0.0021 663±12 0.07082±0.00024 949±7 32 12.5 2.9
15 <0.001 (n.d.) High 6836 817 0.12 1173 0.01 0.1800±0.0036 1067±19 0.07411±0.00010 1042±3 −3 26.6 6.2
16 0.004 >30 High 4131 309 0.07 730 0.01 0.1876±0.0037 1108±20 0.07422±0.00013 1045±3 −7 15.9 3.7
Analyses in macro-porous interior regions:
17 <0.001 (n.d.) Low 8979 1391 0.15 608 0.04 0.0708±0.0015 441±9 0.06262±0.00039 693±13 38 35.3 8.2
18 <0.001 (n.d.) Low 8324 989 0.12 643 0.02 0.0815±0.0018 505±11 0.06395±0.00050 737±16 33 32.4 7.6
19 0.003 >30 Low 4109 463 0.11 595 0.01 0.1521±0.0030 913±17 0.07410±0.00015 1041±4 13 16.0 3.7
20 0.002 >30 Low 4727 53 0.01 693 0.03 0.1574±0.0033 942±18 0.07411±0.00030 1042±8 10 18.0 4.2
21 0.002 >30 Low 4416 301 0.07 347 0.00 0.0837±0.0019 518±11 0.06485±0.00052 767±17 34 17.0 4.0
22 0.001 >30 Low 4953 489 0.10 579 0.01 0.1226±0.0024 745±14 0.07122±0.00071 961±20 24 19.2 4.5
23 <0.001 (n.d.) Intermediate 8461 1425 0.17 1417 0.00 0.1737±0.0034 1033±19 0.07373±0.00009 1031±2 0 33.3 7.8
24 0.011 >30 Low 1973 12 0.01 170 0.11 0.0917±0.0021 565±12 0.06977±0.00031 919±9 40 7.5 1.7
25 <0.001 (n.d.) Low 5895 848 0.14 852 0.00 0.1508±0.0030 905±17 0.07348±0.00012 1025±3 12 23.1 5.4
26 0.001 >30 Low 4310 1169 0.27 619 0.02 0.1486±0.0030 893±17 0.07266±0.00013 1002±4 12 17.3 4.1
Isotopic ratios are corrected for common Pb (204Pb method). Isotopic ratios and ages are quoted with 1σ uncertainties.
a Time-integrated alpha ﬂuences, calculated according to (Murakami et al., 1991) from the present U and Th concentrations for assumed self-irradiation periods of 1053 and
266 myr.
b Full width at half-maximum of the ν3(SiO4) Raman band of zircon, determined from multiple analyses. n.d.=no Raman signal of crystalline ZrSiO4 detected.
c f 206=common 206Pb/total 206Pb, calculated from the observed 204Pb.
d Disc.=U−Pb discordance; difference between the 204Pb-corrected 206Pb/238U and 207Pb/206Pb ages.
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ARTICLE IN PRESSRaman band FWHMs and birefringence values (Table 2) corresponds
well to the relation described by Palenik et al. (2003).
The time-integrated alpha ﬂuences listed in Table 2 were
calculated for self-irradiation periods matching the calculated upper
and lower intercept ages on the Concordia plot. The observed degrees
of radiation damage (estimated from Raman band FWHMs and
birefringence) are clearly higher than it would correspond to self-
irradiation over a 266 myr period (Fig. 6). For instance, zircon micro-Fig. 5. Results of SHRIMP U–Pb analyses. Error ellipses represent 2σ uncertainties.
Please cite this article as: Nasdala, L., et al., Retention of uranium in com
Geology (2009), doi:10.1016/j.chemgeo.2009.10.004areas that have experienced 3−6×1015 alpha-decay events per mg
of material should be expected to be moderately damaged, with
birefringence higher than ≥0.020 (compare Equation 3 and Fig. 3 of
Palenik et al. (2003) whereas the measured birefringence values are
≤0.004, indicating strong radiation damage (Table 2). Also, zircon
that has experienced less than 1×1015 alpha-decay events per mg
(cf. analyses 8 and 12 in Table 2) should yield ν3(SiO4) Raman band
FWHMs smaller than 8 cm−1 (Nasdala et al., 2001) whereas much
wider bands (14−25 cm−1) were observed (Table 2; white circles in
Fig. 6). Consequently, 266 myr alpha doses clearly underestimate the
amount of radiation damage that is currently present. This observa-
tion indicates that the Saranac Prospect zircon cannot have experi-
enced major structural reconstitution through thermal annealing of
the previously existing radiation damage at Late Paleozoic times. On
the other hand, the three SHRIMP spots in the unaltered, zoned zircon
with the lowest degree of radiation damage (black circles in Fig. 6) are
less radiation-damaged than it would correspond to complete damage
accumulation since the time of crystal growth, indicating moderate
post-growth thermal annealing. We conclude that Pb loss (and
perhaps the second chemical alteration) must have occurred at low T,
probablywell below 200 °C. This estimate is based on results ofWeber
et al. (1994, 1997) and Meldrum et al. (1999) who predicted that
long-term annealing of alpha-event damage is expected at tempera-
tures as low as 150−200 °C.
3.5. Further discussion
The chemical and physical alteration of the Saranac Prospect zircon
was affected by two factors. First, the alteration was controlled by the
accessibility of volume areas to the transporting phase, i.e.,plexly altered zircon: An example from Bancroft, Ontario, Chemical
Fig. 6. Plot of Raman band FWHMs (indicating the degree of radiation damage) against
time-integrated alpha ﬂuences. The latter were calculated twice, for assumed damage
accumulation periods corresponding to the calculated upper and lower intercept ages
on the Concordia plot (Fig. 5). Data for the three SHRIMP spots with low to moderate
degrees of radiation damage (Table 2) are compared to the trend deﬁned by un-
annealed zircon samples (Nasdala et al., 2001; gray arrow). Areas are clearly more
metamict than it would correspond to damage accumulation over a 266 myr period,
which excludes complete thermal annealing in the Late Paleozoic.
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ARTICLE IN PRESShydrothermal ﬂuids. Consequently, initial alteration during this phase
is characterized by ﬁnger-like patterns along large fractures that have
served as “fast pathways” (Figs. 2a−d). Also, alteration appears to be
especially intense in the macro-porous zircon whose porosity may
have aided circulation of the ﬂuid. The crucial role of pathways is also
indicated by varying degrees of U−Th−Pb isotopic discordance: the
extent of secondary Pb loss is highly variable and it appears
reasonable to speculate that Pb loss was strongly affected by the
presence of migration pathways. Second, there are clear effects of the
radiation damage. Near large fractures cross-cutting several growth
zones, mostly the higher-U, more radiation-damaged zones are
preferentially altered whereas the lower U, and less radiation-
damaged zones, remained virtually unaffected (Fig. 2c, e, and f).
Even though potential effects of variations of the chemical composi-
tion on the susceptibility of zircon to dissolution cannot be neglected,
we interpret the different degrees of radiation damage among growth
zones, resulting from varying initial U and Th concentrations, as the
main reason for the different behavior among zones. This agrees very
well with the conclusions in Davis and Krogh (2000) and Lumpkin
(2001) who assigned ﬂuid-driven alteration to metamictization and
concluded that chemical control alone was insigniﬁcant. We did not
ﬁnd clear evidence for strain or other effects of mechanical
deformation (cf. Timms et al., 2006) affecting the leaching and U
retention properties of zircon.
The observations made in the present study correspond well to
ﬁndings of Lee (1993) who discussed that radiation damage alone
does not cause U−Th−Pb isotopic discordance through Pb loss from
zircon; rather element and ﬂuid transport along major pathways and
chemical leaching are the two dominant cation exchange processes in
radiation-damaged minerals. The observation that high-BSE areas in
the Saranac Prospect zircon are (close to) concordant, even though
being highly radiation-damaged, whereas intensely altered, low-BSE
areas tend to have experienced notable Pb loss, suggests that a ﬂuid-
driven ion-exchange reaction either causes Pb loss, or strongly
enhances the susceptibility of zircon to the subsequent loss of the
radiogenic Pb (cf. Krogh and Davis, 1973, 1975).
In contrast to strong variations in radiogenic Pb, the primary U that
was incorporated in the zircon structure has remained only mildly
affected by the replacement reaction. This is clearly observable if the
chemical analyses placed in unaltered and altered regions of the very
same growth zone are compared (see zones B, C, D, E, G. H, I, and J in
Table 1). The ratios between the content in an altered area and itsPlease cite this article as: Nasdala, L., et al., Retention of uranium in com
Geology (2009), doi:10.1016/j.chemgeo.2009.10.004unaltered counterpart were found to vary in the range 0.87−0.98
(average 0.95±0.04) for ZrO2, 0.92−0.98 (average 0.95±0.02) for
SiO2, and 0.76−1.16 (average 0.94±0.14) for UO2, respectively. These
average ratios reﬂect the typical moderate loss of chemical constitu-
ents in ﬂuid-driven replacement reactions (cf. Putnis, 2002). Most
remarkable, however, is the observation that the U loss is within errors
identical to the losses of Zr and Si. The chemical alteration these zircon
crystals have experienced has clearly not resulted in preferential
leaching of U; rather Zr, Si, and U have been uniformly incorporated
in the newly formed zircon. The latter is also strikingly apparent in
the preservation of primary U zoning in alteration-overprinted areas
(see U distributionmaps in Fig. 4a, b). In summary, themultiple, low-T
chemical alteration of the Saranac Prospect zircon has ﬁnally resulted
in highly variable loss, of up to 80%, of the radiogenic Pb accumulated
since primary crystallization and prior to the last closure of the U–Pb
system (cf. again Table 2) whereas there were only minor U losses.
4. Conclusions
If zircon is in the presence of chemically aggressive hydrothermal
ﬂuids, for extended periods of time, then an essential question to
answer (with regard to both its use in geochronology or as a potential
nuclear waste repository material) is, to what degree the radio-
nuclides are preferentially removed? In the present study, we show
with the example of naturally altered zircon crystals from Bancroft,
Ontario, that extensive low-T chemical replacement does not
necessarily result in preferential leaching of U from strongly
radiation-damaged zircon. This seems to question the general
relevance of hydrothermal treatment experiments to a reliable
assessment of the (self-irradiation dependent) long-term behavior
of zircon and other actinide host materials under moderately “wet”,
low-T environmental conditions. The ﬁnding that zircon, under certain
environmental conditions, has high ability to retain its trace uranium,
might affect the interpretation of radiometric dating results, in
particular discussions of possible causes of U−Pb discordance. Second,
observations suggest that zircon, and even radiation-damaged zircon,
may be a suitable ceramic waste form for the long-term immobiliza-
tion and storage of radionuclides.
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Abstract Zircon samples without and with secondary
chemical alteration from diverse sources were subjected to
heat treatment at 1400 °C for 96 h. Resulting new phases
and textures suggest that decomposition of zircon into
component oxides occurred in all experiments to various
degrees. The crucible material was found to have a strong
influence on the extent of breakdown, especially in the case
of altered starting materials. In this study the progressive
stages of the breakdown of zircon grains are described. The
factors that may govern the decomposition are discussed,
including radiation damage, secondary alteration and
external reaction conditions (sample container, atmo-
sphere). Alumina crucibles should generally be avoided in
dry annealing of zircon, to minimise uncontrolled break-
down into oxides.
Introduction
Zircon, ZrSiO4, is a common accessory mineral found in a
wide range of igneous and metamorphic rocks. It is the
most important mineral for U/Th–Pb geochronology be-
cause (i) zircon is an extremely robust container for parent
U and Th and daughter isotopes through geologic time and
(ii) this mineral mostly excludes Pb at primary growth. For
industrial purposes, zircon is a widely used refractory
material for high-temperature applications such as furnace
linings, barrier coatings, ceramic pigments etc. In addition,
zircon is the primary source for zirconium and zirconia
(ZrO2).
Natural zircon has generally a non-ideal structure and
composition, and industrial zircon is often processed,
perhaps purified, natural zircon (see e.g. Pavlik et al.
2001). Depending on age, thermal history and actinide
concentration, natural zircon has a certain level of accumu-
lated radiation damage. The expected high-temperature
behaviour of radiation-damaged (but not fully amorphised)
zircon is a gradual restoration of short and long-range order
(e.g. McLaren et al. 1994; Colombo and Chrosch 1998;
Colombo et al. 1999; Begg et al. 2000; Capitani et al. 2000;
Zhang et al. 2000; Nasdala et al. 2001; Geisler 2002;
Nasdala et al. 2004). In contrast, the structural reconstitu-
tion of fully metamict zircon upon dry heating involves an
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intermediate stage of ZrO2 formation between 800 and
1100 °C, prior to the formation of crystalline zircon at
above ca. 1150 °C (Mitsuhashi et al. 1974; Ellsworth et al.
1994; Zhang et al. 2000; Nasdala et al. 2002).
Pure, undamaged zircon is predicted to be stable up to
ca. 1676 °C (e.g. Butterman and Foster 1967), at which
point it decomposes into oxides. However, it is far from
uncommon to observe that zircon breaks down at temper-
atures well below the thermodynamically predicted decom-
position temperature. There appears to be no well-defined
temperature for the onset of decomposition. Peña and de
Aza (1984) and Kaiser et al. (2008) compiled zircon
decomposition temperatures from the literature, ranging
from 1400 °C to 2000 °C, but cited reports of incongruent
melting at higher temperatures as well.
High-temperature treatment of zircon is done for various
reasons in radioactive dating methods as well. The zircon
whole-grain evaporation method (Kober 1986, 1987)
utilises the decomposition of zircon into oxides (ZrO2 +
SiO2) at elevated temperatures, where Pb is removed from
zircon through the volatilisation of the silica component.
Zircon evaporation is carried out on grains wrapped in inert
rhenium filaments under vacuum (at ca. 1400–1500 °C).
The “chemical abrasion” technique (multi-step leaching and
thermal ionisation mass spectroscopy of whole zircon
grains, CA-TIMS; Mattinson 2005) involves thermal
preconditioning, prior to multi-step partial dissolution
analysis, in order to partially stabilise radiation-damaged
domains for a better-controlled etching behaviour. For this,
Mattinson (2005) suggested to do heat treatment in air in
alumina crucibles, at 800–1100 °C for 48 h. Note, however,
that most geochronology laboratories seem to use SiO2
crucibles instead of alumina.
This paper presents results of annealing experiments
aimed to observe the progress of the breakdown of zircon.
In our study the temperature for heat treatment was chosen
at 1400 °C. This temperature is within the reported range of
decomposition temperatures, high enough to anneal radia-
tion damage (not studied here), yet significantly below the
thermodynamically expected decomposition temperature of
zircon. We attempt to evaluate factors influencing the
decomposition behaviour of zircon, with special attention
to chemical alteration of radiation-damaged domains. The
role of thermal breakdown in age determination methods
involving high-temperature treatment is discussed.
Materials and methods
Table 1 gives a summary of materials and experiments in
this study. Three types of samples were included. First, we
studied pure (undoped), synthetic zircon single crystals
(1–2 mm), grown using the Li–Mo flux method (Hanchar
et al. 2001). Second, fragments (0.5–2 mm) of well-
characterised, inclusion-free zircon crystals were also
studied, including the 1064 Ma old sample 91500 from
Ontario, Canada (Wiedenbeck et al. 2004), and the late
Precambrian–Cambrian gemstones M257, M127 (Nasdala
et al. 2008), M146 and M144 (Nasdala et al. 2004) from
Sri Lanka. In addition, zircon grains (sample 87165;
Pérez-Soba et al. 2007) from a coarse-grained leucogranite
of the Hercynian La Pedriza pluton, Spanish Central
System batholith, were also studied. This zircon was
heavily altered by secondary hydrothermal processes, and
consequently it is chemically impure, significantly hydrat-
ed and has a large number of pores and mineral inclusions
(Nasdala et al. 2009).
Small (0.5–1 mm) euhedral grains or chips of larger
crystals were heated in either platinum or sintered Al2O3
crucibles. The crucibles were covered with a lid of the same
material and placed in a larger alumina crucible to further
reduce the exchange of gaseous species between crucible
and furnace atmosphere. The samples were heated at 1400 °C
in high-temperature furnaces for 96 h. The heating rate was
typically ca. 50 °C/min (fast heat-up). The furnaces were
equipped with type B thermocouples, temperature was
regulated by the built-in controllers, the temperature accuracy
was better than 50 °C. After 96 h the furnaces were switched
off. Samples were removed only after the furnaces had cooled
to room temperature. An attempt was made to check the effect
of the rate of heat-up: a set of unaltered samples (Table 1) was
subjected to annealing with a very flat ramp (1 °C/min) in a
Pt crucible.
Following heat treatment, outer surfaces of the samples
were imaged on uncut grains. Some grains were then
embedded in araldite epoxy, ground to approximately half
thickness and polished to reveal internal textures for
scanning electron microscope (SEM) imaging. For trans-
mission electron microscopy (TEM) analyses, electron
transparent foils were prepared with the focused ion beam
(FIB) technique (Wirth 2004).
Secondary electron (SE) and back-scattered electron
(BSE) images of unprepared grains (i.e., no polishing and
carbon coating) were taken in a LEO EVO 60 variable-
pressure SEM, used in the low-vacuum mode. Epoxy-
mounted samples were carbon coated and imaged using a
JEOL JSM-6400 SEM. Sub-micrometer textures and
compositions on FIB foils were studied with an FEI Tecnai
G2 F20 X-Twin analytical TEM operated at 200 kV in
selected area electron diffraction (SAED), high-resolution
(HRTEM) and scanning TEM (STEM) modes. For phase
identification TEM and Raman spectroscopy were used.
Raman spectra were acquired with a Renishaw RM1000
system in the quasi-confocal mode. The instrument was
equipped with a Leica DMLM optical microscope, edge
filter-based laser line rejection, an optical grating (1200
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grooves/mm), and a Si-based, Peltier-cooled CCD detector.
The 632.8 nm emission of a He-Ne laser was used as the
excitation source, and the elastic (Rayleigh) scattering was
used for spectral calibration. The spectral resolution of the
system was ca. 2.2 cm−1; the wavenumber accuracy was
better than 1 cm−1. Modal composition and pore space
estimates were obtained from BSE images using the ImageJ
image processing and analysis program (available at http://
rsbweb.nih.gov/ij/). The method is based on the assumption
that the volume fractions of different phases or pore space
are represented by the relative two-dimensional surface
areas of greyscale shades measured on cross-sections.
Results
All samples display, though to largely varying degrees,
evidence of reactions after the heat treatment, partly on
outer surfaces and partly also internally. Zirconium oxide as
a reaction product has been observed in all samples after
heat treatment. The monoclinic polytype (baddeleyite) has
been identified at room temperature using Raman spectros-
copy (Fig. 1) and TEM (electron diffraction and chemical
analysis). Zirconia shows pronounced polysynthetic twin-
ning (Fig. 2b), suggesting a transformation from a higher-
symmetry polymorph upon cooling. Tetragonal ZrO2 has
not been observed.
Silica has been found in the amorphous state, suggested
by a diffuse ring in the TEM SAED patterns. TEM
chemical point analysis reveals that silica contains impurity
elements (Mg, Ca, Al, P) in the percent range. SiO2 is
positively identified only in sample 87165, in Pt-annealed
grains and in internal zones of alumina-annealed grains
where a zircon matrix is found after heat treatment (Fig. 2a,
c). A thin layer of an unidentified transparent material, seen
as coloured interference fringes on a reflected-light optical
microscope image, is observed in some reaction pits (e.g.
on M257). Raman spectra recorded from these thin layers
lack characteristic bands of any known SiO2 polymorph,
but show a very high luminescence background (and peaks
from underlying zircon). The thickness of these layers is
estimated from the interference colours (assuming refractive
index n= 1.5) to be less than 0.5µm.
No strong evidence for the presence of silica is found in
most of the reaction pits on the surfaces or in zirconia
Fig. 1 Representative Raman spectra of decomposition products.
a Typical spectrum recorded from a baddeleyite (monoclinic ZrO2)
microcrystal on the surface of an annealed grain (as in Fig. 3b).
Underlying bulk zircon (bands labelled with “z”) is also detected
because of the moderate depth resolution of the Raman system used.
Asterisks mark rare-earth luminescence artefacts from baddeleyite.
Sample M257, fast heating, Al2O3 crucible. b Spectrum of pure
baddeleyite from a porous crust (as in Fig. 3c). Synthetic sample, fast
heating, Al2O3 crucible. (c) Zircon spectrum. Sample 91500, slow
heating, Pt crucible (cf. Fig. 5b)
Table 1 Summary of sample materials and heat-treatment experiments
Zircon sample Alpha dosea References Crucible materialb
Name Origin Character 50 °C/min 1 °C/min
syn synthetic 0 Hanchar et al. (2001) Pt, Al2O3 –
91500 Ontario, Canada unaltered 0.33 Wiedenbeck et al. (2004) Pt, Al2O3 Pt
M144 Sri Lanka unaltered 0.88 Nasdala et al. (2004) Pt, Al2O3 Pt
M257 Sri Lanka unaltered 1.71 Nasdala et al. (2008) Pt, Al2O3 Pt
M127 Sri Lanka unaltered 1.83 Nasdala et al. (2008) Pt, Al2O3 Pt
M146 Sri Lanka unaltered 1.98 Nasdala et al. (2004) Pt, Al2O3 Pt
87165 La Pedriza, Spain altered 7–17 Pérez-Soba et al. (2007); Nasdala et al. (2009) Pt, Al2O3 –
a Calculated doses, given in 1018 alpha events per gram. Values were extracted from the references quoted
b Materials: Pt—platinum, Al2O3—sintered alumina
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aggregates of heat-treated synthetic and unaltered samples
(Figs. 3 and 4). Significant amounts of silica are “missing”
from reaction zones that were in close contact with alumina
crucibles. However, no reaction phase could be identified
with Raman spectroscopy on the inner surface of the
alumina crucibles at the sites of contact with the grains.
Decomposition textures have been observed either
confined to outer surfaces or scattered throughout the
volume of the grain. Surface breakdown has occurred in
synthetic ZrSiO4 and natural, unaltered zircon samples
(syn, M127, M257, M144, M146 and 91500), while the
hydrothermally altered La Pedriza zircon (sample 87165)
exhibits oxide phases in the interior of the grains as well.
Synthetic ZrSiO4 and unaltered zircon grains show only
minor breakdown after being heated slowly (i.e., at ca.
50 °C/min) in Pt crucibles. The synthetic ZrSiO4 sample
Fig. 2 The heavily altered La Pedriza zircon (sample 87165) after
annealing. a Cross-section (SE image) of a grain annealed in an
alumina crucible. The majority of the grain turned into a porous
network of monoclinic zirconia (baddeleyite) while the silica
component evaporated. The outer shape retains that of primary zircon.
Note the recrystallised zircon zone, showing up in a darker tone on the
left. b STEM image of a part of the zirconia network, cut out with FIB
from the grain in (A). The lamellar fine contrast shows polysynthetic
twinning. c STEM image of a FIB foil cut from the zircon rim of the
grain in (A). White grains are baddeleyite, light grey areas are zircon.
The arrow points to impure, amorphous silica. d BSE image of
another grain, annealed in a Pt crucible. White dots are baddeleyite,
mid-grey is zircon and dark grey patches are silica. The larger,
angular, black areas are empty spaces left after inclusions (xenotime)
Fig. 3 Images showing the advance of surface corrosion of unaltered
zircon (fast heating, alumina crucible). a Initial stage. Small pits (less
than 0.5µm deep) develop where zirconia crystals grow. Sample
M127, SE image. b Intermediate stage. The pits fuse but zirconia
crystals are still isolated. Sample M257, SE image. c Advanced stage.
The breakdown reaction proceeds towards the inside of the zircon
grain. Silica has evaporated and an aggregated zirconia rim develops.
The bottom face of the crystal was in contact with the alumina
crucible (see also Fig. 4). Synthetic ZrSiO4 sample, BSE image
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displays a great number of very small (<2 µm) reaction pits,
whereas the natural grains have very few, slightly larger (up
to 10 µm), isolated reaction pits on the grain surfaces.
Somewhat different textures have developed after slow heating
(ca. 1 °C/min) of the unaltered samples in a Pt crucible. There
is again only minor breakdown, and all of the annealed
fragments show zirconia grains that lie near the grain surfaces.
However, some of these zirconia crystals are found underneath
a thin (<5 µm) layer of zircon, while the rest sit recessed into
the surface (Fig. 5a–b; compare Fig. 3a–b). No perceptible
difference between bulk zircon and the thin cover layer was
detected on SEM images (BSE brightness, texture). No trace
of silica is observed on polished cross-cuts (Fig. 5b).
Synthetic ZrSiO4 and unaltered zircon samples annealed in
alumina crucibles (fast heat-up) decompose more extensively,
as shown in Fig. 3a–c. A peculiar feature is that a zirconia
aggregate crust develops only on one side of the grain,
namely on the side of the fragment, or face of the crystal, that
was in physical contact with the crucible during annealing.
After heating for 96 h, the reaction front (zircon–porous
zirconia interface) has advanced 10–30 µm inwards from the
original surface (Figs. 3c and 4). Note that on the same grains
the faces that have not been in contact with alumina are
sparsely coveredwith reaction pits and isolated zirconia grains.
From the observed abundance and extent of the
breakdown that develops on outer surfaces (synthetic
ZrSiO4 and unaltered samples), the progressive stages of
the process may be reconstructed. The decomposition of
synthetic ZrSiO4 and unaltered zircon during annealing
usually starts at the outer surface and proceeds inwards
(Figs. 3 and 4). The process starts with isolated, shallow
pits on the surface, with a flat zirconia grain in the centre
(Fig. 3a). As the decomposition proceeds, the pits grow
laterally but not significantly in depth (Fig. 3b). The pits
eventually merge and cover the entire surface, but the
zirconia grains remain isolated. The further breakdown of
zircon then advances away from the surface, and the zirconia
grains are eventually sintered into a porous aggregate (Fig. 3c)
when a zircon substrate supports them no longer. At this stage
the reaction front proceeds inwards, roughly parallel to the
surface, leaving a sponge-like zirconia network with very
little or no silica. The breakdown may advance so far that the
entire zircon material is consumed. The leftover zirconia
aggregate retains the outer shape of the original zircon grain.
In annealed grains of sample 87165, the breakdown
products are not limited to the surfaces. The zircon grains
annealed (fast heat-up) in an alumina crucible show the
Fig. 4 BSE image of the M146 zircon gem fragment annealed in an
alumina crucible. The side facing the page was in contact with the
crucible and developed a porous baddeleyite crust. Note the highly
accelerated breakdown (up to 30 µm away from the surface) on this
side, while other sides of the grain display only point corrosion
Fig. 5 Images of an annealed grain of sample 91500, after slow
heating (1 °C/min) in a Pt crucible. a BSE image of the unprepared
grain. The zirconia crystallites are partly embedded in the zircon and
appear mostly at the edges. The zircon surface shows mottled contrast
but no corrosion pits are seen, unlike in Fig. 3. b BSE image of a
polished section of the grain in (A). Zirconia crystals (bright, rounded
grains) are located somewhat below the zircon surface. There is no
BSE intensity difference between bulk and cover zircon. Note that
there is no visible trace of silica, and pore space is negligible
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most extensive breakdown: 80–100 vol% of each grain
consists of a sponge-like, porous network of monoclinic
zirconia (Fig. 2a–b) without observable traces of silica.
The volume ratio of zirconia to pore space is estimated to
be close to 50:50, with ±5% error. In some, but not all,
grains there are areas of irregular shape where zircon is
observed after heat treatment (Fig. 2a). Electron diffraction
patterns made on FIB foils cut from such zircon zones
reveal polycrystalline zircon. The crystallites are not
oriented, suggesting recrystallisation without major direc-
tional control by epitaxial growth. There are tiny (0.1–
2 µm), round inclusions, scattered irregularly in the zircon
matrix. The inclusions are filled with amorphous silica
that covers the walls and hosts a rounded ZrO2 grain. The
centre of the inclusions is pore space (Fig. 2c).
Grains of sample 87165 annealed in a Pt crucible (fast
heat-up) show a different internal texture. The formation of
polycrystalline zircon is much more pronounced and
coexisting silica glass and zirconia are also observed after
the heat treatment (Fig. 2d). Zircon was identified in ca.
75–90% of the grain volume; the rest of the grains is made
up of amorphous silica (8–17%), monoclinic zirconia (2–
4%) and pore space (2–5%; Fig. 2d). (Note that these
numbers are rough estimates, as the method used to derive
them is strongly influenced by the resolution, the contrast
and the noise of BSE images. Values for zirconia, silica and
pore space may especially have large errors either due to
small grain size or small differences in their greyscale
levels.) Rounded silica–zirconia–pore inclusions (identical
to those found in samples annealed in an alumina crucible,
cf. Fig. 2c) are abundant.
Discussion
In the phase diagram of the ZrO2–SiO2 system published
by Butterman and Foster (1967), pure ZrSiO4 was predicted
to be stable up to 1676±7 °C. Kamaev et al. (2005) refined
the same stability limit at 1674±7 °C. O’Neill (2006)
predicted 1665 °C based on thermodynamical calculations.
Most recently, Kaiser et al. (2008) arrived at the value of
1673±10 °C. However, zircon decomposition at the above
temperatures seems to be the exception rather than the rule.
In this study, decomposition was observed at 1400 °C,
Kober (1986) observed breakdown between 1380 and
1480 °C, Mursic et al. (1992) reported a temperature of
1477 °C, Pavlik et al. (2001) recorded 1285 °C, Wang et al.
(2006) and Wanthanachaisaeng et al. (2006) saw reaction
products after heat treatment at 1400 °C, while Davis (2007)
inferred a phase separation below 1550 °C. (See also Peña
and de Aza 1984 and Kaiser et al. 2008 for a list of other
temperature data.) The appearance of zirconia was observed
even at unusually low temperatures by Zhang et al. (2000:
852 °C) Capitani et al. (2000: 927 °C) and Nasdala et al.
(2002: between 800 and 950 °C) in fully metamict starting
materials.
Effects of radiation damage
The synthetic and unaltered samples used in this study span
an initial range in radiation damage from zero (syn) to
moderate (M146; see Table 1). The character and the extent
of breakdown observed on these samples suggest that initial
radiation damage up to moderate levels has little influence
on thermal decomposition. This is in agreement with
Chapman and Roddick (1994), who found that appreciably
different U concentrations and self-irradiation levels
(10 ppm U, 1334 Ma vs. 160 ppm U, 2680 Ma; very low
to moderate radiation damage) had little or no effect on the
rate of zircon decomposition in vacuum.
Moderate radiation damage means that amorphous
damage clusters are isolated in a defect-rich crystalline
matrix. At high temperatures, a “self-epitaxial” recrystalli-
sation of the damaged volumes, besides point defect
annealing, is expected to occur (see Ewing et al. 2003). In
contrast, in completely metamict zircon essentially the
entire volume is amorphous. Monaghan et al. (2005) stated
that amorphous SiO2–ZrO2 mixtures are thermodynamical-
ly unstable with respect to a mixture of solid oxides.
Calculations by Kim and McIntyre (2002) also show that
amorphous ZrO2–SiO2 mixtures with composition between
40–90 mol% SiO2 should decompose into amorphous
silica-rich and zirconia-rich phases at temperatures as low
as 600 °C. Lucovsky and Rayner (2000) observed demixing
of vapour-deposited Zr silicate films between 800 and 900 °C.
Carrez et al. (2003) arrived at similar conclusions, i.e. at
low temperatures amorphous ZrSiO4 should undergo
spinoidal decomposition as the component oxides are in
the immiscibility domain.
Thus, spontaneous disintegration into a mixture of
oxides in the amorphous volume is expected to occur prior
to recrystallisation of fully metamict zircon upon heating.
The appearance of zirconia in heavily damaged primary
(unaltered) zircon at very low temperatures (Zhang et al.
2000; Capitani et al. 2000 and Nasdala et al. 2002; see
above) is therefore not due to a decomposition reaction but
results from the demixing of amorphous (metamict) zircon
into more stable oxides.
Effects of alteration
The chemical resistance of heavily damaged zircon is
significantly decreased against dissolution (e.g. Lumpkin
2001). A reaction of damaged zircon with fluids often
yields secondary zircon in which the original texture, major
and minor element composition and isotope concentrations
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are modified (e.g. Geisler et al. 2002; Geisler et al. 2003a).
Secondary, altered zircon, such as sample 87165, is
generally porous with micrometre to nanometre-scale pores
(Putnis 2002; Nasdala et al. 2009), enriched in non-formula
elements (especially, P, Fe, Ca, Al etc.; e.g. Geisler et al.
2003b), mineral inclusions (e.g. xenotime) and hydrous
species (Nasdala et al. 2009).
The high-temperature behaviour of strongly altered
zircon (sample 87165) is poorly understood but alteration
apparently has a profound influence on decomposition
(Fig. 2). The effects of porosity, non-formula elements,
mineral inclusions and hydrous content (Nasdala et al.
2009) are impossible to separate from each other. Enhanced
porosity offers abundant pathways for element mobility in
contrast to dense zircon. The “colourful” chemistry (non-
formula elements in the percent range) is inferred to play a
role in lowering temperatures of dissociation reactions and,
along with solid (mineral) inclusions, has a strong influence
on phase equilibria (see e.g. Peña and de Aza 1984). The
hydrous species, apart from lowering reaction temperatures,
may react with silica and may chemically bind to or
volatilise available SiO2. In general, SiO2 appears to be
significantly more mobile in altered than in unaltered
zircon, as seen from the nearly complete reaction of silica
with the alumina crucible (Fig. 2a). At the same time, the
reassociation of silica with zirconia is apparently limited,
suggested by the coexistence of the two phases after four
days of annealing (Fig. 2c–d). Experimental results pre-
sented in this paper do not allow us to draw precise
conclusions about the effect of alteration on the thermal
behaviour of zircon.
Effect of reaction conditions
The decomposition in synthetic ZrSiO4 and unaltered
samples is always related to outer surfaces, implying that
the reaction is initiated by external influences, i.e. effects
not related to bulk zircon properties. However, we have no
direct explanation as to what actually starts the point
corrosion, which then extends first into pits and then a
breakdown front proceeding inwards.
The differences in the extent of breakdown between Pt
and Al2O3 crucibles are attributed to the crucible material.
Generally, surface corrosion (synthetic and unaltered sam-
ples) is more advanced in alumina-annealed grains (Figs. 2a,
3c and 4) compared to Pt-annealed analogues. The effect of
alumina is most pronounced on the grain surfaces that were
in physical contact with the alumina crucible: in these areas
the breakdown reaction reached a clearly more advanced
stage (Figs. 3c and 4). The same is observed on grains of
sample 87165 (altered zircon), where free silica is seen after
annealing in a Pt crucible, whereas very extensive silica
removal is observed in alumina crucibles.
We assume that the silica reacted with alumina and the
equilibrium shifted in favour of further decomposition.
According to Zhao et al. (2003), a reaction between
amorphous silica (a liquid state was suggested by Peña
and de Aza 1984) and Al2O3, forming an aluminosilicate
glass, occurs already below 1350 °C. However, without
crystalline mullite seeds, mullite nucleates from an amor-
phous state only above 1400 °C (Zhao et al. 2003), which
may well explain why no third phase was identified using
Raman spectroscopy in alumina crucibles.
Similar conclusions can be drawn for the zircon inclusions
in heat-treated ruby (Wang et al. 2006; Wanthanachaisaeng et
al. 2006). In a zircon inclusion decomposition should not be
observed if the host mineral is inert with respect to the
breakdown products. This is not the case with corundum,
and thus ZrO2 is formed because the reaction between SiO2
and Al2O3 forms an aluminosilicate phase, preventing the
recrystallisation of zircon.
Our results seem to indicate that zircon is chemically less
resistant than it is often assumed. Direct contact of zircon
with a potentially reactive material should therefore be
avoided during the high-temperature treatment of zircon
gems. Also, for long-term nuclear waste storage purposes
care should be taken to avoid contact between zircon as
waste form and any container material that may react with
silica.
A comparison of our results to other studies in the
literature reveals that the reaction atmosphere also has an
influence on the breakdown of zircon into component
oxides well below the thermodynamic decomposition
temperature. The products of the breakdown reaction
(especially ZrO2) have been observed when annealing in air
(e.g. under atmospheric pressure in this study), under vacuum
(e.g. Kober 1986; 1987; Ansdell and Kyser 1993; Chapman
and Roddick 1994), in a hot combustion atmosphere (Fritsch
et al. 2006) and in a reducing, gaseous atmosphere (Gardner
and Buchanan 1975; Barreiro et al. 2009) as well.
The reaction atmosphere appears to influence the activity
of silica in the vicinity of the grain surfaces. We assume
that the flow of volatile species away from the grain
surface, following the concentration/pressure gradient, is
the main driving force under vacuum. In a hot combustion
atmosphere (significant H2O partial pressure), such as that
found in gas turbine engines, Fritsch et al. (2006) suggested
the reaction of SiO2 with water vapour forming volatile
Si(OH)4. In a reducing atmosphere, Gardner and Buchanan
(1975) suggested a direct volatilisation of SiO2 and its
reduction into SiO by H2 or CO. In low-pressure experi-
ments (10−3atm) done in a graphite furnace, Barreiro et al.
(2009) reported that an increasing partial pressure of O2
(2×10−9–2×10−4atm) in the furnace resulted in an increase
in the weight loss of heated zircon samples. They explained
this trend by suggesting a reaction between the graphite
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furnace and oxygen to form CO, which then reduces SiO2
into volatile SiO. Pavlik et al. (2001) used mass spectros-
copy to identify volatile SiO during vacuum heating of
zircon, i.e. without a reducing atmosphere.
The zircon samples heated in reducing (Gardner and
Buchanan 1975; Barreiro et al. 2009) and hot combustion
atmospheres (Fritsch et al. 2006) develop porous zirconia
crusts analogous to zircon heated in air (Figs. 3c and 4) or
in vacuum (Ansdell and Kyser 1993; Chapman and
Roddick 1994). We find it questionable that reducing
agents (CO, H2) or water vapour actually reach the
zircon–baddeleyite reaction front once it is covered by a
porous zirconia crust. We instead think that a volatilisation
of SiO2 occurs at or near the reaction front, SiO2(g) diffuses
through porous zirconia into the furnace atmosphere and
reduction (to SiO) or hydroxide formation (Si(OH)4) may
occur only there, accelerating the reaction by decreasing the
amount (partial pressure) of SiO2 available. The decompo-
sition of zircon therefore is not caused, only indirectly
enhanced, by reductive gases or water vapour. Gas flow, as
in the experiments of Fritsch et al. (2006), further increases
the removal of volatile species.
Air is essentially free of reducing gases (given that no
reduction occurs in the heated furnace) and the concen-
tration of water vapour is typically very low (<22.9 gm−3
at 25 °C, which becomes <4.1 gm−3 when heated to 1400 °C).
We expect that if no reaction occurs between evaporated
silica and the reaction atmosphere (N2, O2, CO2) and
crucible material (e.g. Pt), the reaction rate will be lower in
dry-air annealing compared to heat treatment in reductive or
hydrous atmospheres. Furthermore, air pressure may also
decrease the rate at which SiO2(g) diffuses away from the
reaction environment, therefore we expect the advance of the
zircon–baddeleyite reaction front to be slower in a non-
reducing gas atmosphere than in vacuum.
Implications for age determination techniques
We propose that thermal decomposition of zircon plays a
key role in the success of age determination techniques that
employ heat treatment. Two techniques are briefly outlined
and the role of thermal decomposition is explained below.
In the whole-grain zircon evaporation technique of
Kober (1986, 1987) and related methods (Davis 2007) a
zircon grain is wrapped in a strip of rhenium foil
(evaporation filament) so that only a thin slit is open facing
a second Re filament (ionisation filament). Heating the
zircon grain up to ca. 1230 °C is found to remove lead
loosely bound (adsorbed) on surfaces and from highly
leached (altered) domains. After such preconditioning,
successively higher-temperature evaporation steps between
1330–1530 °C are used to decompose and evaporate zircon
domains with decreasing Pb loss (for more details see
Kober 1987 and Ansdell and Kyser 1993). In the CA–
TIMS technique (Mattinson 2005), thermal preconditioning
of whole zircon grains is done at 800–1100 °C in air for
48 h. After heat treatment the U/Th–Pb system is analysed
through stepwise dissolution and mass spectroscopy (partial
dissolution analysis, PDA). The key to the success of PDA
is the heat treatment; without annealing PDA is not so
effective.
A common feature in the two techniques is that there is
an evolution of the isotope ratios in progressive evapora-
tion/dissolution steps from open-system (“discordant”)
towards closed-system (“concordant”) character. Note that
Kober (1986; 1987) and Ansdell and Kyser (1993)
associated the later stages (i.e., higher temperatures) of
breakdown with increasing crystallinity. The results in this
study (compare Figs. 3c and 4) and those of Chapman and
Roddick (1994) suggest that structural damage up to
moderate levels is not a major factor that governs the
decomposition reaction. We need to emphasize that
structural damage due to self-irradiation does not directly
induce Pb loss (or a change in composition in general), only
diminishes the resistance of primary zircon against disso-
lution (leaching).
Our results suggest that in zircon evaporation experi-
ments the decomposition temperature of different domains
is a function of the extent of chemical alteration. This is
reflected in the order in which the zircon domains undergo
breakdown: Pb will be released successively from domains
less and less affected by Pb leaching and/or enrichment.
The last domains to decompose will have a closed isotope
system (no alteration), seen as a plateau 207Pb/206Pb age in
TIMS.
We propose that in a CA–TIMS experiment different
processes occur in zircon domains according to their
alteration levels. Moderately damaged but unaltered
domains experience a recovery of crystallinity. In altered
or amorphous zones a phase separation into component
oxides takes place. Partially decomposed zircon or a
mixture of oxides is expected to be less stable, while
the resistance of recrystallised zircon domains is
increased against dissolution by HF. Subsequent PDA
steps are therefore able to separate zircon zones
according to the extent of breakdown developed during
thermal preconditioning. Alumina crucibles (Mattinson
2005) may have the effect of reacting with silica,
enhancing the decomposition of zircon. Note that the
onset temperature of aluminosilicate glass formation in the
reaction between zircon and alumina was put to ca. 1100 °C
by Zhao et al. (2003), which is just at the upper limit of
zircon annealing in the CA–TIMS technique. Annealing of
zircon in SiO2 crucibles, in contrast, may actually decrease
the extent of breakdown by increasing silica activity in the
reaction atmosphere. It appears worthwhile to test the two
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crucible materials against each other in a chemical abrasion
experiment.
Conclusions
The high-temperature breakdown of unaltered zircon below
the generally accepted thermodynamical dissociation tem-
perature (1665–1676 °C) is a surface corrosion process
producing crystalline ZrO2 and amorphous SiO2. Silica is
inferred to evaporate below 1400 °C. The extent of the
breakdown is controlled by temperature and processes that
decrease SiO2 activity in the reaction environment, such as
molecular flow or diffusion due to a concentration gradient,
reaction of silica vapour with the atmosphere (e.g.
reduction by H2, CO or hydroxide formation with water
vapour), solid-state reactions (e.g. with the crucible or the
furnace material) or transport by a gas stream in the
experimental chamber. Therefore if minimum decomposi-
tion is desired, a small-volume inert (e.g. Pt) crucible and a
non-reactive atmosphere (such as N2 or air) should be used
to anneal zircon at high temperatures. Similar constraints
may apply to containers designed to be used for nuclear
waste storage.
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Introduction
Zircon (ZrSiO4) occurs as an accessory mineral in many
geological settings. It forms in a wide variety of
geological conditions and is ubiquitous due to its
enormous physical durability and resistance against
chemical alteration and disintegration. Favoured by these
extraordinary properties, zircon plays a significant role in
many industrial and materials science applications as
well. For example, synthetic zircon has been considered
as a suitable form for long-term sequestration of actinide
nuclear waste (Ewing et al. , 1 995), while ZrSiO4 doped
with elements such as Fe has found uses in the
manufacture of glazes in the ceramics industry (e.g. ,
Berry et al. , 1 996). In the investigation of natural zircon,
an understanding of the incorporation of trace levels of
non-formula elements is important for understanding
crustal and mantle processes. One key application of
zircon is its common use in geochronology (Davis et al. ,
2003, and references therein). This technique is based on
the incorporation of trace amounts of U and Th (that
decay to form radiogenic Pb), whereas Pb is mostly
excluded during primary growth. Furthermore, Ti
incorporation in zircon is used for geothermometry
(Watson & Harrison, 2005), while rare earth element
(REE) concentrations reveal magma sources (e.g. ,
Hoskin & Ireland, 2000; Hoskin & Schaltegger, 2003 and
references therein).
Primary and altered zircon crystals show distinct
differences in their chemical compositions and internal
textures. At the time of primary growth only low
concentrations of compatible non-formula elements are
normally incorporated into the structure (Speer, 1 980;
Hoskin & Schaltegger, 2003). Uranium and thorium are
common trace elements in natural zircon; however, with
time they cause damage to the structure through a series
of radioactive decay events (mostly due to the alpha
particles and recoil nuclei; Ewing et al. , 2003). Radiation
damage lowers the chemical (and physical) durability of
zircon, making the material more susceptible to chemical
alteration by fluids. Alteration involves the dissolution of
damaged primary zircon, and new growth of crystalline,
but often highly porous, secondary zircon that usually
contains a significantly larger number and higher
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concentration of non-formula elements. Elements normally
not found in primary but often present in secondary
zircon include P, Fe, Ca, Pb and many more (e.g. Geisler
et al. , 2003; Nasdala et al. , 2009a and b).
Iron, typically found in low concentrations in natural,
unaltered zircon (e.g. , 0.1 0 wt% FeO in lunar zircon;
Wopenka et al. , 1 996), may be significantly enriched in
certain cases. An extensive list of zircon analyses from
the literature was compiled by Görz (1974, and references
therein), citing up to 10 wt% Fe; however, it is not clear
from that study if inclusions of Fe-bearing minerals were
also analysed. Zircon samples reported as being altered
were shown to contain FeO well in the wt% range (e.g. ,
Smith et al. , 1 991 : up to 5.5 wt% Fe; Johan & Johan,
2005: up to 1 .7 wt% FeO; Breiter et al. , 2006 up to
3.6 wt% FeO; Nasdala et al. , 2009b: up to 7.24 wt%
FeO). It appears that the physical and chemical changes
associated with alteration may give rise to such elevated
Fe concentrations.
Primary and altered natural zircon always contains a
multitude of trace elements (e.g. , Hf and REEs, U and
Th; Hoskin & Schaltegger, 2003). Synthesis of Fe-doped
zircon provides the opportunity to describe the influence
of the incorporation of Fe distinct from other elements.
Synthetic, Fe-doped ZrSiO4 may have an intense pinkish
colour that is likely due to micro-inclusion of hematite,
(α-Fe2O3; e.g. , Berry et al. , 1 996; Ball & van Wyk, 2000;
Llusar et al. , 2001 ; Ardizzone et al. , 2002; Carreto Cortés
et al. , 2004). Due to its refractory nature, Fe-doped zircon
has become a popular pink pigment under the name of
“iron zircon coral”, “pink zircon”, “coral zircon” and so
on. Opinions differ, however, on the extent of Fe incorpo-
ration directly into the zircon structure, and on the
structural positions that may be occupied by Fe in zircon
(e.g. , Berry et al. , 1 996; Ball & van Wyk, 2000).
This paper addresses the question whether Fe
concentration levels detected in natural zircon are
artefacts arising from measuring Fe-rich inclusions or
coatings such as hematite, or that the detected Fe may
indeed be incorporated into the zircon structure. In order
to test for the site occupancy and oxidation state of
substituent ions, synthetic Fe-doped crystals were
prepared, one batch with natural Fe isotope abundances
and another one using enriched 57Fe to facilitate
acquisition ofMössbauer spectra.
Samples and analytical methods
Iron-doped zircon crystals were synthesized using the
Li–Mo flux method described in Hanchar et al. (2001 ).
High-purity ZrO2 (2.53 wt%) and SiO2 (1 .24 wt%) were
mechanically mixed in a MoO3–Li2MoO4 flux (85.32 and
8.93 wt%, respectively), with Fe2O3 (1 .83 wt%) added as
a dopant. Phosphorus in the form of NH4H2PO4
(0.1 6 wt%) was added to both batches to assist charge
balancing of the incorporated Fe. The oxide starting
materials were dried at 100 °C and then mixed under
ethanol using an agate mortar and pestle. After drying
under a heat lamp, the mixed oxide powders were trans-
ferred to a 25 mL platinum crucible with a tightly-fitted
platinum lid. The mixtures for each synthesis were then
suspended using Pt wire from an alumina rod in the “hot
spot” of a Deltech MoSi2 vertical tube furnace at 950 °C
for 22 days. The temperature was monitored externally
with a Type S thermocouple and was found not to deviate
more than ±5 °C. For “Batch 47”, high purity Fe2O3
(Alfa-Aesar) was used. For “Batch 48”, isotope-enriched
57Fe2O3 (WEB Research, Edina, Minnesota) was used
instead. The isotopic composition of the latter was 54Fe
(<0.1%), 56Fe (1 .2%), 57Fe (96.6%) and 58Fe (2.2%).
A few Fe-doped zircon single crystals of each
synthesis batch were embedded in epoxy resin and
polished to expose a cross-section parallel to the c axis of
the crystals. Sample mounts were carbon coated before
electron imaging and analysis. The samples were gently
hand-polished to remove the carbon coat prior to Raman
and ion probe (secondary ion mass spectrometry, SIMS)
measurements. For SIMS analyses the sectioned grains
were ultrasonically cleaned in high-purity ethanol and
coated with a 35 nm thick, high purity gold film. For
Mössbauer measurements crystals or crystal fragments
without noticeable flux inclusions were powdered.
Samples were then prepared by gently mixing the zircon
powders with sugar to reduce preferred orientation. The
mixtures were gently heaped in a sample holder confined
by Kapton tape.
Secondary electron (SE), backscattered electron (BSE)
and panchromatic cathodoluminescence (CL) images as
well as electron probe microanalyses (EPMA) were
acquired using a JEOL JXA-8900RL electron microprobe
operated at 20 kV accelerating voltage. The beam current
was 20 nA for imaging and 80 nA for chemical analyses.
Concentration calibration was done on pure synthetic
ZrSiO4 (Zr, Si), natural hematite (Fe), natural apatite (P)
and metallic molybdenum (Mo). Counting times were
30 s (peak) + 2 × 15 s (lower and upper backgrounds) for
Zr and P, 1 5 + 2 × 5 s for Si, and 120 + 2 × 60 s for Fe.
Matrix corrections were made using the Φ(σZ) method of
Armstrong (1991 , 1 995).
Colour CL images and CL spectra were recorded using
a “hot-cathode” CL microscope HC1–LM (cf. Neuser
et al. , 1 995), operating at 14 kV accelerating voltage and
a current density of ca. 10 µA/mm2. Spectra were
acquired with an Acton Research SP-2356 digital triple-
grating spectrograph and a Princeton Spec-10 charge-
coupled device (CCD) detector that was connected to the
CL microscope through a silica-glass fibre guide. CL
spectra were measured under standardised conditions
(wavelength calibration by a Hg–halogen lamp, spot
width 30 µm, measuring time variable).
Raman analyses were done using a JobinYvon
LabRam HR system using 632.8 nm excitation (3 mW
measured under the objective). The spectral calibration
was done using the Rayleigh line and neon lamp
emissions, resulting in a wavenumber accuracy of
0.5 cm–1 . The spectral resolution (i.e. , apparatus function)
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was 0.8 cm–1 . More experimental details on the Raman
experimental setup are reported elsewhere (Nasdala et al. ,
2005). Band-width correction for the apparatus function
was done in accordance with Irmer (1985).
Mössbauer spectra were acquired at 293 K, 240 K,
190 K, 80 K and 4 K, using a source of ~95 mCi 57Co in
Rh on a WEB Research Co. model WT302 spectrometer
equipped with a Janus closed-cycle He cooling system to
allow variable-temperature measurements. Each spectrum
was corrected to subtract the fraction of the baseline
counts due to the Compton scattering. Run times were
6–24 hours for each spectrum, and baseline counts were
~6–14 million after the Compton correction. Data were
collected in 1024 channels and corrected to a linear
velocity scale. Before fitting, the spectra were folded
about the channel value that produces the minimum least
squares sum difference between the first half of the
spectrum and the reflected second half. To model the
data, we used the Mexdist program from the University
of Ghent, which solves for the full Hamiltonian. Overall
errors on isomer shift and quadrupole splitting are
±0.05–0.1 mm/s, while errors on doublet areas are
approximately ±3% absolute.
Secondary ion mass spectrometry data were collected
using the Cameca ims 6f SIMS instrument at the
GeoForschungsZentrum Potsdam. The analyses employed
a 2 nA, nominally 12.5 kV, 16O– primary beam, focused
to a ca. 5 µm diameter spot at the sample surface. Total
pressure in the sample chamber was ca. 7 · 1 0–7 Pa.
Analysis domains were pre-sputtered with an unrastered
beam for five minutes to suppress any Li surface
contamination and to establish equilibrium sputtering
conditions. A single analysis consisted of 20 cycles of the
peak stepping sequence 6.9 Da (0.1 s used for magnet
cycling purposes), 7Li (2 s) and 30Si (2 s). The mass
spectrometer was operated at a mass resolving power of
M/∆M ≈ 3100, sufficient to resolve the mass interference
between 1H29Si and 30Si. A 50 V energy band pass was
used to which no offset voltage was applied. Data
collection was done with a discrete dynode pulse counting
system with count rates on 30Si typically around 25 kHz.
In order to estimate roughly the absolute Li
concentrations in the synthetic zircon (a flux component
used in the synthesis), we ran multiple analyses of the
NIST 610 glass at the beginning and the end of each
day’s analysis. This material’s “preferred average” Li
concentration of 484.6 µg/g (Pearce et al. , 1 997) was
used for data assessment. Because the calibration
material was neither chemically nor structurally matrix-
matched to the zircon being analyzed, the determined
concentration values must be viewed as semi-quantitative
at best. In contrast, the relative variations in Li contents
observed within and between zircon crystals can be
viewed as correct.
Results and discussion
The synthetic zircon crystals are clear, almost colourless
with a faint brownish tint. The morphology is dominated
by tetragonal prisms (Fig. 1 ), with lengths between 250
and 500 µm. Under a microscope irregular dark
inclusions are seen inside the crystals. On cross-cut
grains, these inclusions appear black in BSE (Fig. 1 a)
and CL images (Fig. 1 b), and are identified as inclusions
of the flux reagents.
Growth and sector zoning is observed in all samples.
Zoning is most easily visualised in the CL images. There
is often a clearly-outlined dark centre surrounded by a
zone with strong luminescence that often shows
oscillatory zoning (Fig. 1 b and the inset in Fig. 2). The
rims of the crystals display dark CL. Cathodo-
luminescence spectroscopy reveals that crystal centres
are weaker CL emitters than rims, especially if the broad
Fe3+ band around 760 nm is measured (Fig. 2). Groups of
narrow-band emissions arise from very minor
concentrations ofREEs (especially Dy3+ and Sm3+, below
electron microprobe detection limits); these are probably
due to lowest-level (i. e. , sub-µg/g) contaminations
present in the ultrapure ZrO2 used for synthesis. The CL
signal intensity was used for targeting chemical analysis
spots, and the CL properties (low-CL rim, high-CL or
intermediate zone, low-CL centre) are used to describe
growth zones in the discussion below.
The EPMA analyses (Table 1 ) demonstrate that only
Zr, Si, P and Fe are present, and the abundance of the
non-formula elements follows the textures seen in the
images (Fig. 1 ). Crystal centres have been found to
contain the highest concentrations of P and Fe,
decreasing gradually towards the rims. Total Fe contents
ranged between 0.45–0.55 wt% Fe2O3 in low-CL centres,
0.1 2–0.37 wt% Fe2O3 in the intermediate zone and
0.02–0.14 wt% Fe2O3 in rims. The decrease of Fe2O3
concentration from centre to rim is either a result of the
depletion of Fe in the reaction mixture or of internal
Fig. 1 . A cross-section of a synthetic, iron-doped zircon crystal
parallel to the c axis reveals growth and sector zoning. (A) BSE
and (B) panchromatic CL image. Irregular black holes are
locations of flux inclusions.
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strain in the crystals caused by impurity elements (Finch
et al. , 2001 ). The depletion phenomenon is generally con-
sistent with observations made by Berry et al. (1 996), i. e. ,
that Fe incorporation depends on the availability ofFe.
The charge imbalance caused by incorporation of Fe
into zircon was intended to be compensated by the
addition of pentavalent P to the reaction mixture. A very
good correlation is seen between Fe and P concentrations
(see Fig. O1a in the online supporting material), though
with a ratio of 1 Fe to ca. 1 :6.4 P (expressed in atoms per
formula unit, apfu). If Fe substituted for tetravalent
structure cations, then the Fe to P ratio should be between
1 :1 (if only Fe3+ were present) and 1 :2 (for Fe2+ only).
Finch et al. (2001 ) and Hanchar et al. (2001 ) reported P
in zircon samples doped with light REEs in excess of the
1 :1 ratio (xenotime-type substitution). Note, however,
that REEs were found to replace Zr in the dodecahedral
site and in natural zircon REEs may reach a concen-
tration of several 1000 µg/g (Hoskin & Schaltegger,
2003) In contrast, Fe mostly occupies an interstitial site
in our samples (see below) and in unaltered zircon the
concentration is typically very low (tens to hundreds of
µg/g, but often below EPMA detection limits; see e.g.
Nasdala et al. , 2004). The 6-fold enrichment in P concen-
trations suggests that there is an unknown mechanism, most
likely independent from the presence of Fe, causing P to
be incorporated. Phosphorus also shows a very good
correlation with Si deficiency (1 – Si) in calculated
formulas (see Fig. O1b). It appears therefore that P
primarily substitutes for Si in the zircon structure
(Si + P = 0.98–1 .00 apfu; Table O1 ).
The peculiar ratio of Fe to P required further
investigation to test for flux contaminants incorporated in
the Fe-doped synthetic zircon crystals (e.g. , Finch et al. ,
2001 ; Hanchar et al. , 2001 ). Electron microprobe results
(Table 1 ) suggest that the Mo concentration is negligible
(i. e. , below detection limits). Molybdenum is in the
hexavalent oxidation state under the synthesis conditions
(Hanchar et al. , 2001 ) and does not easily fit in the zircon
structure. Lithium (as Li+) concentration values (SIMS
Table 1 . Chemical analyses on 57Fe-doped synthetic zircon. Values in weight percent (wt%) are electron microprobe data; Li was
measured with SIMS. Lithium concentration values are to be regarded as semi-quantitative but relative variations are accurate (see text).
The full set ofEPMA data can be found in the online supporting material.
b.d.l. : below detection limit.
* Average detection limit (wt% oxide; 2s error by counting statistics of the background signal).
Fig. 2. Three CL emission spectra from a 57Fe-doped synthetic
zircon crystal; the inset shows a hot-cathode CL image. The
spectra are dominated by the broad-band Fe3+ emission at around
760 nm. The groups of narrow-band emissions in the 470–620 nm
range are due to very minor REE impurities (below EPMA
detection limits). Note that the centre of the grain has the highest
Fe concentration (>0.4 wt% Fe2O3; spectrum/spot 3) but is “darker”
in CL than the rim with the lowest Fe concentration (<0.1 wt%
Fe2O3; spectrum/spot 1 ). The intermediate zone (~0.25 wt% Fe2O3;
spectrum/spot 2) emits the highest CL intensity.
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analyses, Table 1 ) broadly follow the zones outlined by
CL imaging; in the low-CL rims and intermediate (high-
CL) zones are measured invariably below 140 µg/g.
Higher concentrations (380–1300 µg/g) are found only in
grain centres. We assume, however, that the few out-
standingly high values (> 500 µg/g) come from analysis
points where an unrecognised flux inclusion (smaller in
size than the resolution of imaging methods) was
sputtered by the ion beam.
Lithium concentrations can either be explained by Li
in the zircon structure (Finch et al. , 2001 ; Hanchar et al. ,
2001 ) or by very small (e.g. , sub-micrometre) inclusions
of the flux. In both cases, the chemical zoning may be
attributed to the growth of more “regular” (i.e. , stoichio-
metric) zircon towards the rims (less non-formula
elements and/or fewer inclusions). Lithium concentrations,
however, do not correlate as well with Fe as does P
(Table 1 ; note again that the variation between Li
concentrations is accurate but actual values are semi-
quantitative at best). Thus, it cannot be confidently stated
whether Li acts as a charge compensator or not.
Calculations indicate that ca. 0.2 wt% Li2O (on the order
of 1000 µg/g Li) is needed to charge balance 3 wt% P2O5
(which is the maximum P concentration measured in our
samples; see Table O1 ). Given the systematic uncer-
tainties present in our quantitative SIMS data, the
possibility of Li compensating the charge of P (and Fe)
cannot be fully excluded.
The FWHM (full width at half maximum) of the
ν3(SiO4) zircon Raman band, which is strongly controlled
by the degree of short-range order (Nasdala et al. , 1 995;
Geisler et al. , 2005), gradually increases from the
outermost rim (1 .6 cm–1) to the centre (8.1 cm –1; Fig. 3).
The broadening is accompanied by a slight shift in the
band position (ca. 1008 cm–1 at the rim to 1005 cm–1 at
the centre). Figure 4 demonstrates the relationship between
the FWHM of the ν3(SiO4) Raman band and Fe concen-
trations, measured on the same spots. However, changes
in zircon Raman parameters are large, and most likely
cannot be assigned only to the incorporation of Fe. The
concentrations Fe and P are strongly correlated while P
concentration is ca. 6.4 times higher (expressed as apfu;
Fig. O1a). Therefore it is safer to say that the decrease in
short-range order, seen as Raman band broadening,
shows a dependence on dopant levels and is most likely
representative of internal strain in the zircon crystals.
Low CL emission in the crystal rims is due to a low
concentration of emission centres (Fe3+). Increasing Fe
concentrations give rise to a stronger CL signal but the
most Fe-rich zone is dark again (Figs. 1B and 2). This
may either be due to a concentration quenching
phenomenon or to a change in the valence state of Fe
during synthesis. While Fe3+ is a CL emitter (broad band
around 760 nm), Fe2+ is not a CL centre and has been
reported to suppress CL emission in minerals (e.g. ,
Habermann, 2002). The Mössbauer results (see below)
suggest that both Fe2+ and Fe3+ are present. However,
because the Mössbauer measurements were made on
Fig. 3 . Results of Raman analysis. (A) Two spectra extracted from the Raman map in (B). Dotted line: centre region (high Fe
concentration, yellow–white in B); solid line: rim zone (low Fe concentration, dark blue in B). (B) Raman map created from the FWHM
parameter of the zircon ν3(SiO4) band. Band broadening increases gradually from rim to centre.
Fig. 4. Plot showing the dependence of the ν3(SiO4) zircon Raman
band width on Fe concentrations, measured on seven Fe-doped
zircon crystals. Uncertainties in the Raman data include those of
fitting, the correction for the apparatus function and the scatter of
individual measurements in a given growth zone.
6 T. Váczi, L. Nasdala, J.M. Hanchar, A. Kronz, J. Götze, M.D. Dyar, M. Wiedenbeck
powdered samples, we have no information on the spatial
distribution of Fe valences in the sample grains.
The Mössbauer results (Table 2) indicate that more
than half (59–63%) of the iron incorporated in the zircon
crystals is present in the form of α-Fe2O3 (hematite). In
addition to the hematite components, there were signals
arising from Fe incorporated structurally in zircon
(Fig. 5) distributed between two sites. A normally-vacant
6-fold site (Robinson et al. , 1 971 ; Finch et al. , 2001 )
hosts 59–65% of the Fe in zircon (22–26% of the total
Fe) in the form of Fe3+. Between 25 and 38% of the Fe in
zircon (10–14% of the total Fe) was refined at the
6-coordinated site as Fe2+. The rest of the Fe2+ was
located in an 8-fold coordination, thus replacing Zr; the
matching doublet represents 3–10% of the Fe in zircon
(1–4% of the total Fe). The isomer shifts measured for
the doublets corresponding to 6 and 8-coordinated Fe2+
(Table 2) are slightly higher than those that are typical for
VIFe2+ and VIIIFe2+ in silicates, presumably due to an
effect ofZr neighbours.
The Mössbauer results of the present contribution
agree reasonably well with the main findings of earlier
studies of Fe in zircon. An extended portion of the iron is
present as hematite, and Fe can only be incorporated in
the zircon structure at low concentrations. Our results
seem to support conclusions by Berry et al. (1 996), who
deduced from Mössbauer and electron paramagnetic
resonance (EPR) spectroscopy measurements that
paramagnetic Fe3+ is in low-symmetry rhombic
interstitial sites. Those authors stated that iron enters
Fig. 5. 57Fe Mössbauer spectra recorded on Batch 48 (57Fe-doped
zircon) (A) at room temperature (293 K) and (B) at 4 K. See Table
2 for Mössbauer parameters. Red — VIFe3+; blue — VIFe2+; purple
— VIIIFe2+; green — hematite.
* Parameters:
δ: isomer shift
∆: quadrupole splitting
W: line width (FWHM)
Bhf: hyperfine field
Table 2. 57Fe Mössbauer parameters from the 293 K and 4 K
measurements on 57Fe-doped zircon (see also Fig. 5).
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higher-symmetry sites (i. e. , replaces cations in
structural sites) only at higher concentrations. Also,
Ardizzone et al. (2002) assigned certain features in
diffuse reflectance spectra to Fe3+ in octahedral
(interstitial) sites. Berry et al. (1 996), Llusar et al.
(2001 ) and Ardizzone et al. (2002) agree that a slight
“creamy” or “peachy” colouration is due to interstitial
Fe. The results of the present study and the above cited
papers, however, contradict those of Ball & van Wyk
(2000) and Carreto Cortés et al. (2004). Electron
paramagnetic resonance spectroscopy results reported
in Ball & van Wyk (2000) suggest that no Fe3+ occurs
in interstitial sites, only in two distinct axial sites, and
do not explicitly exclude Fe3+ occupancy in the Si site
in the zircon structure. However, Ball & van Wyk
(2000) did not quantify Fe concentration in their
samples. Carreto Cortés et al. (2004) found only
paramagnetic Fe3+, apart from hematite, and assigned
it to the dodecahedral (Zr) site in the zircon structure,
which is not confirmed by our data (Table 2). Four-
coordinated Fe, such as suggested by Nasdala et al.
(2003) for a natural zircon sample, was similarly not
found by our study.
In closing, we cannot comment on previous findings
that the pink colour found in zircon pigments is due to
hematite inclusions (e. g. , Berry et al. , 1 996; Tartaj
et al. , 1 997; Ball & van Wyk, 2000; Llusar et al. ,
2001 ; Ardizzone et al. , 2002; Carreto Cortés et al. ,
2004). Even though the presence of hematite was
confirmed, our samples did not show notable pink
colouration. This may be due to too low hematite
content: in the present study the maximum Fe2O3
content was 0.55 wt%, as opposed to up to 3 .5 mol%
Fe2O3 in Carreto Cortés et al. (2004) or 1 .82 wt% in
Berry et al. (1 996).
Conclusions
Iron was found in synthetic zircon both in the form of
hematite inclusions (α-Fe2O3) and incorporated in the
zircon structure. These results suggest that in natural
zircon the presence of elevated concentrations of Fe
may be as oxide phases (e. g. , hematite), even if the
resolution of imaging and analysis methods does not
allow one to identify them. In this study, most of the
Fe in the zircon structure was located in octahedral,
interstitial sites, whereas only a small fraction was
found to replace Zr in the dodecahedral site. Four-
coordinated Fe substituting for Si was not detected.
Phosphorus was found to replace Si. However,
interstitial Fe (in contrast to Fe replacing Zr)
introduces excess positive charge and hence cannot be
charge-compensated by P–Si substitution alone. Although
the nature of Fe in natural zircon still remains contro-
versial, we may safely say that high Fe concentration
in zircon is a reliable indicator of alteration. If iron is
found in the wt% range, it is likely hosted by Fe oxide
phases.
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Online supporting material
These pages contain a hard copy of the online supporting material. Figure O1 shows the correlations in selected
chemical data, whereas Table O1 (overleaf) presents the full EPMA data set measured on the 57Fe-doped synthetic zircon.
Iron incorporation in zircon (Online supporting material)
Fig. O1 . (A) Plot showing the correlation between Fe and P concentrations. The ratio of P to Fe is 6.36. (B) Plot showing Si deficiency vs.
P concentration.
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Table O1 . The full set ofEPMA analyses.
